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C h a p t e r  1
Introduction
The nucleic acids DNA and ENA lie at the basis of a preponderance of cellular processes 
and unsurprisingly are among the macromolecules most often studied in molecular biol­
ogy and biochemistry. Being the main carrier of the genetic code, DNA has traditionally 
received most of the attention, and in-depth models of its interaction with proteins have 
been developed ever since the proposal of the double helical structure by Watson and 
Crick in 1953, It was recognized early on, however, that ENA in particular has a much 
broader function than the mere storage of information. Considering the rather modest 
chemical differences between DNA and ENA, the apparent versatility of ENA function 
was deemed to be connected to its three-dimensional structure, but the development of 
these theoretical considerations was rather slow up to the elucidation of the structure of 
tENA in 1973, This structure created a sudden wealth of information and boosted the 
expansion of this area of research on ENA structure-function relationship. However, it 
remained the sole source of knowledge on ENA structure until the early nineties, when 
rapid developments in high-resolution NME spectroscopy, aided by the progress that 
had been made in ENA synthesis several years earlier, resulted in the publication of 
a number of ENA hairpin loop structures, Eecent progress in both NME and X-ray 
crystallography has given the area of ENA structural biology considerable additional 
momentum, reminiscent of the developments in the protein field which took place sev­
eral years earlier. This chapter provides an overview of the various principles discovered 
thus far by which ENA molecules establish their distinct higher order structures.
T ertia ry  s tru c tu re  in R N A
In proteins, tertiary structure is defined as the organization, in three-dimensional space, 
of secondary structure elements such as a-heliees and /3-sheets. An ENA analogy of such 
a tertiary arrangement is for instance the structure of the P4-P6 domain of the Tetrahy- 
mena group I intron (Cate et al, 1996a) in which two helical domains are aligned via 
long-range interactions. However, there are very few other examples of high-resolution
14 C hapter 1
structures of such complexity, and, moreover, the  distinction between secondary and 
te rtia ry  structu res in RXA is ra ther arbitrary . Hence, for the  sake of clarity, we will 
redefine te rtia ry  struc tu re  here as all s tru c tu ra l elem ents th a t are beyond W atson-Crick 
base pairing in a canonical A -type helix. In doing so, the  description of te rtia ry  structu re  
in RXA corresponds to  th a t of te rtia ry  in teractions (discussed below), and it follows th a t 
the  former is a direct result of the  la tter.
W hat principles underlie the  form ation of te rtia ry  struc tu re  in RXA? Though es­
sentially single-stranded, a large fraction of any stretch  of RXA will fold back on it­
self, This results in a p le thora of structu res th a t are found in nature , as the  strong 
tendency tow ards duplex form ation generally occurs in strands th a t are not fully self- 
com plem entary, thereby creating duplex regions th a t are interspersed by stretches of 
non-helical nucleotides. Single-stranded RXA may be found in between two stem s (in 
which case it forms an in ternal loop), as a local protrusion out of the  helix in one strand  
of duplex RXA (bulge), or redirecting the  chain a t the  end of stem  regions (hairpin loop). 
In all of these cases the  loops may be large and can by themselves be a foundation for 
o ther s tru c tu ra l elements. It is th is a lternation  of single- and double s tranded  regions 
th a t gives RXA the  versatility  in its form ation of higher order structu re , as com pared to  
DXA, and u ltim ately  in function.
P5b
P5a
P5a
U
Figure 1.1 Schematic representations of the secondary (left) and tertiary (right.) folding of 
the P4-P6 domain of the Tctrahymcna group I  intron (Cate et al., 1996a).
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D eterm inants o f loop structures
Different types of RNA loops have been shown to be often involved in RNA-RNA or 
protein-RNA interactions. This is readily understood from the fact that loop conforma­
tions allow the residues more structural variability and flexibility than they would have 
when present in a regular helix. But even highly structured hairpin loops may present 
their bases as potential hydrogen bonding partners in tertiary interactions, as is the case 
in GNRA tetraloops (Heus & Pardi, 1991), Evidently, the structural properties of loop 
regions in RNA are tightly related to their role in tertiary structure.
Base stacking
Base to base stacking interactions are an important and widely occurring property of 
RNA structures. The effect of stacking on RNA stability has been studied by monitoring 
the thermodynamic stabilities of RNA duplexes with dangling ends (Freier et al, 1983; 
Freier et al, 1985), From these studies it followed that 3'-dangling ends have a much 
larger stabilizing effect than 5' ends, and Turner and co-workers attribute this to the ge­
ometry of A-form RNA, by which a 5'-dangling nucleotide hardly covers the underlying 
base pair, in contrast to the significant overlap of a residue at the 3'-side (Freier et al, 
1985).
The stability increment resulting from base stacking is determined by the composition 
of the stacking array as well as by its sequence. As is discussed by Saenger (1984) 
stacking interaction increases with the number of purines that are involved. This is 
reflected, for instance, in the large structural effect of the so-called discriminator base, 
which precedes the 3'-terminal -CCA end in t RNA.  Sprinzl and co-workers have shown 
that this residue is a purine in over 85% of all tRNA sequences (Sprinzl et al, 1991), 
and that it contributes significantly to the thermodynamic stability of the molecule 
(Limmer et al, 1993), Moreover, the nature of the discriminator base strongly affects 
the conformation of the aminoaeylatable -NCCA 3'-end of tRNA, as was concluded from 
NMR studies on model systems (Viani-Puglisi et al, 1994),
It is difficult to apply these conclusions to loop regions, since these are subjected to 
steric and topological requirements that are clearly different from dangling nucleotides. 
It is clear, though, that base stacking is also a dominant feature of nearly all RNA 
loop structures determined thus far. In fact, the limited conformational freedom of 
nucleotides inside a hairpin loop may favor a stacked orientation of their bases which 
would be unstructured in a less restrained setting, A clear example of this behavior is 
the continued pyrimidine-pvrimidine stacking observed in the central loop of the HDV 
ribozyme (Kolk et al. (1997) and chapter 2 of this thesis).
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Hydrogen bonding and non-standard base pairs
Whereas hydrogen bonds are the prime contributors to the stability of ENA helices, their 
role in maintaining loop stability appears to be less pronounced, as was demonstrated 
for the GCAA hairpin (SantaLueia, Jr et al, 1992) using functional group substitutions. 
From this study it was concluded that the energy contribution of a hydrogen bond 
strongly depends on the local geometry. An overview of the thermodynamic studies that 
have been carried out on this issue is given in Turner & Bevilacqua (1993),
Nevertheless, hydrogen bonding is found to mediate most structural motifs in single­
stranded ENA described to date. Internal and hairpin loop structures in ENA are 
frequently governed by base pair formation involving one or more hydrogen bonds. 
Almost by definition, these base pairs are not of the canonical Watson-Crick type, but 
can adopt a wide range of anatomies (summarized in Saenger (1984, page 120)), In some 
cases, hydrogen bond formation is mediated by a water molecule or by metal ions. Since 
these types of interactions require that the partaking residues are in close proximity 
and roughly in the same plane, many of these base pairs are found in internal loops 
and also stacked on the stem closing Watson-Crick base pair of hairpin loops. As a 
general rule, base pair formation will extend the helical conformation of the stem into 
the loop region for as long as is permitted by the mutual geometry of the bases and by 
the conformational restraints imposed by the neighboring nucleotides. Consequently, the 
number of true, i.e. unpaired, loop residues in ENA hairpins seldom exceeds ten (Wyatt 
& Tinoco Jr, 1993), Much more often hydrogen bond formation between opposite 
nucleotides in nominally large hairpin loops will narrow the actual loop region to four 
residues or less. Clear examples of this behavior are the a-sarein loop in 16S rENA 
(Szewczak & Moore, 1995), and in an ENA hairpin from bacteriophage T4 (Mirmira 
& Tinoco Jr, 1996), Exceptions to this rule are frequent for moderately sized loops, 
however, since the gain in free energy of such a conformation has to counterbalance 
energetically favorable alternative structures (vide infra) such as the classical 7r-turn 
(Saenger, 1984), also known as ’U-turn’, and the reversed 7r-turn described in this thesis 
(Chapter 2),
In spite of the ever increasing number of loop structures emerging from NME and 
X-ray crystallography, it has so far remained impossible to reliably predict the structure 
of an ENA hairpin loop (or any other type of ENA loop) by its sequence. In addition 
to the possibility of structural alternatives that may be energetically more favorable, 
the stability of loop base pairs is strongly context dependent (Serra et al, 1993; Hilbers 
et al, 1994), For example, the formation of a sheared G A mismatch, which has been 
amply studied in both loop and stem regions, relies heavily on the nucleotide preceding 
the guanosine at the 5' side (Heus et al, 1997), Even the unusually stable tetraloops 
of the IJNCG or GNEA type, which achieve their stabilities by means of a GU wobble
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and sheared GA base pairs, respectively, have been shown to become less stable when 
preceded by a EY in stead of a YE closing base pair (Serra et al, 1993; Hilbers et al, 
1994).
Spatial interactions 
RN A triples
Contrary to what the expression suggests, base pairing in nucleic acids is not restricted 
to couples of nucleotides. Triple helices, involving consecutive triads of hydrogen bonded 
residues, are commonly found in DNA and are believed to play important roles in a 
variety of cellular processes (reviewed in Van Dongen (1997)). For ENA, base triples 
have been found in many different systems: in tENA (discussed in Saenger (1984) and 
Quigley & Eich (1976)), in TAE-arginine and -argininamide complexes (Puglisi et al, 
1992; Puglisi et al, 1993; Ye et al, 1995; Brodsky & Williamson, 1997), in the P4-P6 
domain of a group I intron (Cate et al, 1996a), in 16S ribosomal ENA (Kalurachchi 
et al, 1997), and in aptamers (Fan et al, 1996; Ye et al, 1996; Zimmermann et al, 
1997). A generai principle of this type of interaction is difficult to discern, but it is 
striking that, with the exception of two triples in tENAPhe, which both contain modified 
bases, an adenosine is present at least once in all of the above-mentioned cases. A 
certain preference for adenosines at the sites of triple interaction in ENA also emerges 
from their abundance in ENA loops in general (Woese et al, 1990), and from other 
structural elements that have recently been discovered, such as the adenosine platform 
(Cate et al, 1996b; Zimmermann et al, 1997), interactions to GNEA tetraloops (Plev 
et al, 1994; Costa & Michel, 1995; Cate et al, 1996a; Costa & Michel, 1997) and in triple 
strand interactions at helical junctions (Chastain & Tinoco Jr (1993) and chapter 3 of 
this thesis).
W hat could be the origin of this preference? In general, there appear to be sev­
eral arguments favoring purines over pyrimidines in triple interactions: purines offer 
more hydrogen bonding partners to their environment, which are distributed over two 
heterocvcles, rather than one as in pyrimidines. Also, syn-eonformations, often prereq­
uisites in the geometry of ENA base triples, are energetically much more favorable for 
purine residues (Saenger, 1984). It is less obvious why adenosines are more abundant 
in triples than guanosines, but steric effects are likely to be of influence. In most of 
the interactions summarized above, the adenosine amino group, which is situated at the 
major groove side of the base moiety, acts as a hydrogen bond donor. The guanosine 
imino proton could serve the same purpose, but it is not as freely accessible from the 
major groove side as an amino group at the 6-position, and becomes altogether un­
available when present in a GC Watson-Crick base pair. For interactions in the minor
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groove, which is less spacious than the major groove side, the N3 atom often serves 
as a hydrogen bond acceptor in triple formation. It could be that the amino group 
at the 2-position, as present in guanosine bases, sterieallv hinders these interactions for 
guanosines, whereas an approach towards the N3 atom in an adenosine is not obstructed.
Interactions with ligands
Evidence is accumulating that the structural integrity of ENA molecules is generally 
enhanced when complexed to a ligand, which may be a biological cofactor, an amino 
acid, a nucleotide or antibiotic, a peptide, or part of a protein. This is also reflected by 
the sudden surge of NME structures that have been reported after the development of 
SELEX techniques had enabled the construction of aptamer molecules which bind small 
organic compounds with sub-micromolar binding constants (reviewed in Patel (1997)), 
These ENAs invariably fold into rigid structures upon complexation with their cognate 
ligands. In all of these cases, the ligand serves as a keystone for the tertiary structure at 
the core of the molecule.
The origin of this phenomenon lies in the general blueprint of ENA structure: inher­
ently flexible single-stranded regions serve as linkers to the stem regions which are all in 
an A-helical conformation. The latter places the major groove sides of the bases, poten­
tially the site most liable for hydrogen bonding interactions, in an almost unreachable 
cleft of the ENA double helix. As a consequence, the bases within the helix present 
very little hydrogen bonding partners to distal parts of the molecule, and are moreover 
enveloped by the negatively charged phosphodiester backbone. Therefore, the elements 
of secondary structure in ENA (i.e. the stem regions) are by themselves not suited for 
buttressing a network of tertiary interactions, and higher order folding into a globular 
particle with a hydrophobic core involving only helical domains is impossible.
Thus, long-range interactions must involve single-stranded regions like internal and 
hairpin loops, but these often are ill-structured and in many cases the tertiary interac­
tions in which they are involved are too weak to weld the molecule into a rigid structure. 
Although the resulting internal mobility in the structure may often be of functional 
significance, it prevents the determination of a high-resolution structure by NME, This 
phenomenon has been observed for several catalytic ENAs such as the hammerhead 
ribozyme (J.H, Ippel, unpublished results), the leadzvme (A, Pardi et al,, unpublished 
results) and the HDV ribozyme (M.H, Kolk, unpublished results).
Alternatively, in the afore-mentioned ENA complexes, the ligand provides a site for 
base stacking interaction and/or several hydrogen bonding partners to the interior of 
the ENA and organizes it into a hydrophobic binding pocket. This is evidenced by 
the significant sharpening of ENA resonances that has been observed when adding the
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appropriate ligand to aptamer molecules (e.g. Fan et al. (1996), Dieckmann et al. 
(1996)).
M etal binding
Metal ions often play an important role in stabilizing ENA structures. The effect of 
divalent cations, such as magnesium, on ENA stability is much stronger than that of 
monovalent ones (discussed in Saenger (1984) and in Pan et al. (1993)). This can be ex­
plained by their twofold performance with respect to ENA: they reduce the electrostatic 
repulsion between the negatively charged phosphates (more effectively than monovalent 
ions) and are able to exercise a bridging function through simultaneous electrostatic 
interactions with two or more sites in the ENA.
In duplex ENA, the interaction with magnesium may proceed via indirect coordina­
tion (also called outer-sphere) to the water ligands of the Mg2 ion, which exists as a 
Mg(II)(H20 ) 62+ hydrate in aqueous solution. Alternatively, one or more of these water 
ligands may be replaced by phosphate groups of the ENA, leading to a direct interaction 
to the metal ion, which is also referred to as inner-sphere coordination. In both cases a 
hexacoordinate geometry around the magnesium is retained. This imposes strong struc­
tural constraints on the phosphodiester backbone and thereby stabilizes A-form ENA 
(Saenger, 1984; Pan et al., 1993).
In addition to its effect on secondary structure, magnesium has since long been found 
to play an important role in stabilizing tertiary structures. In t RNA.  a variety of metal 
binding sites have been identified in the 1970s (Walters et al. (1977); see also the review 
paper by Pan et al. (1993)). Metal ions were found, for instance, at the interface between 
the T- and D-loop in the corner of the L-shaped structure, thus stabilizing the tertiary 
interactions between the two arms of the molecule.
Eecent crystal structures of sizable ENA molecules have corroborated and expanded 
this view on the involvement of metals in ENA tertiary interactions. X-ray crystallog­
raphy on the hammerhad ribozyme has shown that there are five magnesium binding 
sites at the heart of the ribozyme, with an extra sixth supposedly becoming available 
in the transition state (Scott et al, 1996). The structure of the group I intron P4-P6 
domain reveals five Mg2 ions which hold together the center of the ribozyme (Cate
& Doudna, 1996; Cate et al, 1997), while a sixth is buried inside the major groove 
of tandem GU base pairs adjacent to the GAAA tetraloop. The magnesiums combine 
inner- and outer-sphere coordinations to form an intricate network of interactions at the 
core of the molecule.
From these observations it has been inferred that for larger ENAs, i.e. so large 
that they have a clear inside and outside, a (magnesium-)ion core is the equivalent of the
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hydrophobic core governing protein folding (Cate et al, 1997), This view is supported by 
observations which indicate that the Tetrahymena ribozyme forms most of its secondary 
structure in the absence of magnesium, but relies almost completely on Mg2 for folding 
into its tertiary structure (Celander & Cech, 1991), However, the distinction between 
’larger’ and ’smaller’ ENAs remains a bit obscure and does not compare very well to the 
situation in proteins. In any case, the sine qua non for divalent cations does not appear 
to be a general feature of ENA structure. For instance, the pseudoknot which is present 
at the 3' end of turnip yellow mosaic virus (TYMV) genomic ENA has an absolute 
requirement for Mg2+ at room temperature, but its tertiary structure is preserved in the 
absence of magnesium ions at lower temperatures (Van Belkum et al, 1989), Likewise, 
the coordination of magnesium to tENA is apparently not essential to fold it into the 
correct structure (data summarized in Laing et al. (1994)), and no tightlv-bound metal 
ions were observed in the recently reported crystal structure of the HDV ribozyme 
(Ferré-D’Amaré et al, 1998),
Hence, it follows that the formation of a Mg2 core cannot be regarded an equally 
fundamental driving force in tertiary structure folding as hydrophobic core formation is 
in protein folding. Furthermore, it is unclear in what way the ENA sequence determines 
the properties of the ion core, as is the case for the determination of the hydrophobic 
core in proteins by their amino acid sequence (Tinoco Jr & Kieft, 1997), Insight in 
the mechanisms and cooperativitv of metal binding in the process of tertiary folding is 
desirable in order to formulate a conclusive theory on this matter.
G eneral motifs in R N A  s tru c tu re
In the protein field, the large number of high-resolution structures that have been de­
termined by NME and X-ray crystallography has resulted in classifications of structural 
elements that occur frequently in nature (e.g. zine-fingers, leucine zippers, /^-barrels 
etc.). Since they are found in non-homologous sequences of many different organisms, 
it may be concluded that evolution has found these motifs the most efficient building 
blocks for protein structure and function.
In ENA, a similar distinction of structural constituents has long been impossible, 
as the reported structures were relatively modest in complexity and their accumulation 
proceeded at a slow pace, Eecent progress in this field has revealed the reoccurrence of 
structural motifs found earlier as well as several new ones. From these observations a 
pattern emerges of widely occurring corner stones in ENA structure that is comparable 
to the convergent evolution found previously for many elements of protein structure.
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Figure 1.2 SchematicaI representation of the U- or tt-turn in RNA. The dashed lines denote 
the hydrogen bonds from the Of-hydroxyl of the uridine U(l) to the N7 of R(3), and from the 
U(l) imino proton to the phosphate between residues (3) and (4). In addition, there is a stacking 
interaction between the U(l) base and the phosphate between N(2) and R(3). See also Figure 2.6 
for more details.
U-turns
First discovered in th e  anticodon loop of yeast tR X A 1>hfi (Quigley & Rich, 1976), the 
urid ine-turn  induces a sudden change in the  direction of the  RXA backbone involving 
three nucleotides w ith a 5'-UXR-3' consensus sequence (where U is the  uridine, X can 
be any nucleotide and R is a purine), which in the  case of tR X A  are em bedded in a 
seven-membered hairpin  loop. The actual inversion of the  strand  occurs a t the  phos­
phate  directly a t the  3'-side of the  uridine, and the  two following bases adopt a stacked 
orientation. The m otif is stabilized by two hydrogen bonds involving the  uridine: from 
its 2'-OH to  the  X7 atom  of the  purine, and from its im ino pro ton  to  the  phosphate 
of the  nucleotide following the  UXR sequence. Finally, the  course of the  backbone is 
stabilized by base-phosphate stacking between the  uridine base and th e  phosphate of the 
purine (Saenger, 1984),
An interesting property  of the  U- or 7r-turn is th a t bases in the  UXR trip le t of the 
anticodon loop (and those located a t the  3'-side thereof) are exposed tow ards solvent 
and are prone to  in teract w ith the  cognate codon bases of the  messenger RXA, V irtually  
the  sam e conform ation is found for the  tR X A ’s T-loop, enabling its bases to  in teract 
w ith D-loop residues.
Rem arkably, the  general s truc tu re  of GXRA te traloops, which are unusually stable 
and are found ubiquitously in natu re  (Woese et a l, 1990), closely resembles this pa rtic ­
ular fold (Jucker & Pardi, 1995), Again, the  U -turn  directs the  bases involved towards
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their surroundings, GXRA te traloops are frequently involved in RXA-RXA interactions 
or intram olecular packing (Costa & Michel, 1997), and the  abundance of U -turns as a 
te rtia ry  s tru c tu ra l m otif in RXA can to  a large extent be explained by th is disclosing 
behavior.
The outw ardly tu rned  orientation of the  bases following a U -turn  also make them  
especially suited for stabilizing the  s truc tu re  of pockets a t the  core of RXA molecules. 
It is therefore as intriguing as it makes sense from an evolutionary point of view th a t 
the  m otif has also been found a t the  5'-CUGA-3' consensus sequence in the cataly tic 
core of the  ham m erhead ribozym e (Pley e.t a l,  1994; Scott e.t a l, 1995), In addition, 
the  GXRA fold has been found in boxB RXA which is bound by the  an titerm ination  X 
protein  of bacteriophages (Cai et a l, 1998; Legault et a l,  1998), Here, one of the  five 
nucleotides in the  loop bulges out to  enable the  others to  adopt a GXRA-like conform a­
tion, Finally, the  binding pocket of A M P /A T P  binding RXA aptam ers, developed using 
in vitro selection techniques, was found to  consist of a GXRA te tra loop  m otif w ith the 
adenosine ligand perform ing the  role of the  3' adenosine (Jiang e.t a l, 1996; Dieckm ann 
e.t a l, 1996), It has yet to  be established w hether th is binding m otif also occurs in 
n a tu ra l RXAs, bu t it does agree w ith the  hypothesis th a t there are general principles of 
RXA struc tu re  employed in m any different systems.
Zippers
A lternating  in tercalation of bases of different strands was first observed in tR X A , where 
th is m otif unites the  T- and D-loop on the  one hand, and the  V-loop and an ticodon/D - 
stem  junction  on the  other, A sim ilar arrangem ent has been observed between circular 
adenosines (Blommers e.t a l,  1988; Frederick e.t a l,  1988) and recently in a theophylline 
binding ap tam er described by Zim m erm ann e.t al. (1997), who introduced the  term  
;base-zipper; in analogy to  the  leucine-zippers found in proteins.
The distinction between base zippers and o ther unusual stacking arrangem ents does 
not appear to  be sharp, be it s tructu ra lly  or functionally. For instance, several alterna-
zipper
Figure 1.3 Examples of an inter-strand zipper (left) and of an intra-strand zipper (right). 
The example on the right, can also be characterized as a 1-3-2 stack (see text).
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tive stacking conform ations were observed in the theophylline aptam er. These include 
in tras tran d  stacking, rem iniscent of the stacked orientation in tandem  GA base pairs 
found in the ham m erhead ribozym e, and the 1-3-2 stack which introduces a sharp  bend 
in the RNA backbone. Such has been proposed to  be a general folding m otif in various 
RNAs directed to  the binding of ligands (Heus, 1997).
The present list of different lineups of residues in RNA molecules is not likely to  be 
comprehensive. New conform ations are expected to  be found in o ther system s as the 
apparen t versatility  of RNA backbone conform ations in principle allows for a wide range 
of com binations of base stacking. For instance, base zippering appears to  be an effec­
tive way of stabilizing base m ism atches in in ternal loops, as was shown for the GAAA 
te tra loop  acceptor (Butcher et a l,  1997) and in loop A of a hairpin ribozym e (Cai & 
Tinoco, Jr, 1996). In addition, hydrogen bonding in teractions relating to  rib ose moi­
eties, such as the rib ose zippers described by C ate et al. (1996a) m ay also m ediate the 
arrangem ent of nucleotides in RNA structures.
A-platforms
It was only after they  were first observed in the crystal structu re  of the Tetrahy- 
m ena  ribozym e (Cate et a l,  1996b) th a t the so-called adenosine or A-A platform s have 
emerged as a general m otif for RNA-RNA interactions. In th is configuration, two con-
Figure 1.4 The A-platform in the tetraloop acceptor of the group I  intron (Cate et al., 1996a). 
The adenosines forming the platform are colored in a darker shade. The arrow denotes the 
direction in which long-range interactions can take place, in this case the binding to a GAAA  
tetraloop.
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secutive adenosines form a pseudo base pair by aligning their bases which stack on two 
different helical strands. The net result of this is an opening of the minor groove facili­
tating the interaction with other bases and thereby mediating long-range contacts in the 
ENA.
The adenosine platforms are often present in tetraloop acceptors that interact with 
ENA loops of the GNEA family (Costa & Michel, 1995; Costa & Michel, 1997). How­
ever, they are also found to bind to other motifs in group I introns from different sources 
(Cate et al, 1996b) as well as in other molecules (Zimmermann et al, 1997; Costa & 
Michel, 1997). Again, as in the case of base-zippers, the principle of platform arrange­
ments in ENA molecules is not confined to one specific setting or consensus sequence. 
For instance, the A-platform found in a theophvlline-binding aptamer (Zimmermann 
et al, 1997) is made up by adjoining adenosine and cvtidine bases, rather than by two 
adenosines. Furthermore, the internal loop in the flavin mononucleotide (FMN) binding 
ENA aptamer forms a base-triple platform to act as a foundation for stacking of the 
intercalating ligand (Fan et al, 1996). Though formally not an A-platform, this arrange­
ment serves a very similar purpose in stabilizing the overall structure, and variations on 
this theme are likely to be found in the future, possibly also in natural ENAs.
O utline of th is  thesis
At the onset of the investigations described in this thesis, there was little knowledge on 
the general principles of ENA structure, as most theory on this subject was based on 
tENA and some moderately sized hairpins and duplexes. At the time it was not clear 
whether the structures of larger ENAs would abide by the same rules that were devised 
from the tENA structure in the 1970s. Not to mention the unacquaintedness with the 
many structural alternatives, such as the ones summarized in this chapter.
Presently, in the midst of a surge of ENA structures derived from NME spectroscopy 
and X-ray crystallography, many observations and predictions from the past on higher 
order folding in ENA are being confirmed and reproduced. Yet, the understanding of 
ENA structure has also greatly been expanded by numerous novel features discovered in 
ENA molecules. This thesis describes several of these new properties, as found in the 
genomic ENAs of hepatitis delta virus (HDV) and turnip yellow mosaic virus (TYMV).
HDV has received much attention from scientists working on ENA because of the 
self-cleaving sequence found in the genomic as well as in the antigenomic strand. Both 
sequences are largely homologous and constitute a distinct class of catalytic ENAs. Cat- 
alvtieally active ENAs have been found in the ENAs of viruses and virus-like particles, 
in precursors of ribosomal, transfer and messenger ENAs, in ENase P, and in eucarvotic
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organelles. In many of these eases, the self-cleaving ENA sequence can be separated 
to yield a trans-active part, called the ribozyme, and a substrate part. Through this 
strategy, catalytic ENAs bear a potential as therapeutic agents of great selectivity.
Despite a continuous flow of biochemical data on the HDV ribozyme, detailed struc­
tural information on this molecule had long been lacking. We and other groups set out 
to determine the structure of this system by NME, but were soon confronted with unsur- 
mountable problems of flexibility and conformational ambiguity, which spoiled the NME 
spectra that were complicated enough just by the size of the molecules. Notwithstand­
ing the considerable effort directed at the trimming and conformational confinement of 
the molecule, it was eventually concluded that the determination of a high-resolution 
structure of the entire ribozyme was improbable following this approach. Therefore, we 
focused our attention on the central region of the ribozyme, which had been shown to 
be the most essential part for catalytic activity. Chapter 2 describes the structure eluci­
dation of this hairpin domain and elaborates on its significance for the understanding of 
the full ribozyme.
The remainder of this thesis focuses on pseudoknot folding, ENA pseudoknots are the 
result of base pairing of loop residues in ENA with single-stranded nueeotides outside 
that loop, yielding two stem domains connected by two non-equivalent pseudoknot loops. 
Pseudoknots are found frequently in nature, and are very attractive systems for studying 
tertiary structure in ENA, since they contain both single- and double-stranded domains 
merging into one functional entity. No detailed information on these molecules had 
been available thusfar, preventing a solid understanding of their wide range of functional 
properties.
In chapter 3 the structure is presented of an ENA pseudoknot that is present at 
the 3' terminal region of the genomic ENA of TYMV, This domain resembles tENA 
functionally (i.e. in its reactivity with tENA-speeifie enzymes) and, based on structure 
probing and computer modeling, in its three-dimensional structure as well. Now that 
high-resolution structural data are available on the pseudoknotted domain, many of the 
biochemical data fall into place, and we can explain just how the pseudoknot produces 
an amino-acyl acceptor arm closely mimicking that of regular tENAs, In addition, the 
dynamical properties of the molecule can be connected to the functional significance of 
pseudoknots in general.
Unlike the situation for many proteins, the structure determination of ENA molecules 
by NME (or by crystallography) is generally not a routine procedure. Especially in 
the ease of more sizable ENAs one can often not rely on standard methods. The 
TYMV pseudoknotted T- and acceptor arm is the largest ENA molecule studied in 
detail by NME to date and moreover contains regions of local mobility. To tackle 
the resulting problems of overlap and line broadening, our assignment methods had to
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be adjusted, and several experiments were tailored to the specific needs for this system. 
Furthermore, new approaches were developed for the determination of torsion angles that 
remain obscure when using conventional methods. All these procedures are explained in 
chapter 4,
Formally, there are two ways of folding an ENA strand into a pseudoknot, one starting 
with a 5' hairpin, and the other with the 3' counterpart. Chapter 5 communicates 
on the structure of a hairpin loop whose sequence is also present in the pseudoknot 
and which corresponds to its 3' hairpin subunit. The striking structural resemblance 
to the pseudoknot strongly suggests that the hairpin plays a role as an intermediate 
conformation in the process of pseudoknot formation. We hypothesize on the possibility 
of this preformation being a general characteristic of ENA folding.
C h a p t e r  2
The structure of the isolated, central hairpin of the  
H D V  antigenom ic ribozym e. N ovel structural 
features and sim ilarity of the loop in the ribozym e
and free in solution
A b strac t
The structure of a ENA hairpin containing a seven-nucleotide loop that is present in 
the self-cleaving sequence of hepatitis delta virus antigenomic ENA was determined by 
high resolution NME spectroscopy. The loop which is composed of only one purine and 
six pyrimidines has a surprisingly stable structure, mainly supported by sugar hydroxyl 
hydrogen bonds and by base-base and base-phosphate stacking interactions. The loop 
folding is characterized by some structural elements not observed earlier in ENA hairpin 
molecules. Compared to the structurally well-determined, seven-membered anticodon 
loop in tENA, the sharp turn which effects the required 180°-change in direction of the 
sugar-phosphate backbone in the loop is shifted one nucleotide step in the 3'-direetion, 
This change in direction can be characterized as a reversed U-turn, The shift of the 
U-turn allows the stacking of the bases of the three residues at the 5'-side of the loop 
in contrast to the anticodon loop where stacking takes place at the 3'-side of the loop. 
Analogously to the U-turn found in the anticodon loop in tENA, it is expected that 
the reversed U-turn may be frequently found in other molecules as well. Additionally, 
there is evidence for a new non-Watson-Crick U-C base-pair formed between the first 
and the last residue in the loop. Apart from this base-pair there is no evidence for the 
formation of other canonical or non-canonical base-pairs. In fact, most of the bases in 
the loop are pointing outwards making them accessible to solvent. From chemical modi­
fication, mutational and photo-crosslinking-linking studies a similar picture develops for
M.H. Kolk, H.A. Heus and C.W. Hilbers, EMBO J. 16, 3685-3692 (1997)
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the structure of the hairpin in the active ribozyme, indicating that the loop structures 
in the isolated hairpin and in the ribozyme are very similar.
In trodu c tion
Hepatitis Delta Virus (HDV) has a single-stranded circular ENA genome, which is 
believed to replicate through a rolling-eirele mechanism that generates linear multimers. 
Single copies of the genomic and the antigenomic strand are generated through self­
cleavage, and this ribozyme activity has been demonstrated in vitro for sequences that 
are largely homologous in both strands (Kuo et al, 1988; Maenaughton et al, 1993; 
Sharmeen et al, 1988; Wu et al, 1989), Like in other ribozyme systems, this cleavage 
reaction requires the presence of divalent cations, generally Mg2 .
A secondary structure model for the genomic and antigenomic ribozvmes has been 
proposed in which a pseudoknot structure is formed by four helical regions, three single­
stranded regions and two hairpin loops (Eosenstein & Been, 1991), This model - depicted 
in Figure 2,1 - has gained strong support by data from chemical probing experiments 
(Kumar et al, 1994), Extensive mutational studies have shown that parts of the cis- 
acting ribozyme are redundant and that double mutations in most helical regions do not 
affect ribozyme activity (Been et al, 1992), There are several hot spots, however, in 
which no mutations are allowed without impairing cleavage activity, Eesidues in these 
regions are believed to be located near the cleavage site in the active ribozyme. They 
may provide the necessary tertiary interactions that are required to constrain the con­
formation around the active site. Based on mutational studies, Tanner and coworkers 
(Tanner et al, 1994) have proposed a model for tertiary folding of the HDV ribozyme. In 
this model structure, all single-stranded regions that were shown to be indispensable for 
activity are positioned into close proximity of the cleavage site. The possible formation 
of such a tertiary core has recently been confirmed by photo-crosslinking experiments 
(Bravo et al, 1996; Eosenstein & Been, 1996), The central part of the antigenomic 
pseudoknot model consists of a hairpin loop (loop III in Figure 2,1 A) with seven nu­
cleotides which are all important for activity. Strikingly, the genomic model contains the 
same loop sequence, with the exception of one extra C, which is not required for cleav­
age (Kawakami et al, 1993), In vitro selection experiments on a pool of randomized 
sequences of the genomic ribozyme yielded a molecule with a similar secondary structure 
and a central loop that was practically identical to loop III in the antigenomic ribozyme 
(Nishikawa et al, 1996),
The composition of this loop is unlike other ENA loops for which structural data are 
available, ENA tetraloops, which are the most extensively studied of all ENA loops,
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Figure 2.1 (A) Secondary structure model for the antigenomic H D V ribozyme as proposed by 
Perotta & Been (1991). The site of cleavage is marked by an arrow; stem- and junction-regions 
are numbered by roman numerals. Invariable regions, essential for activity, are boxed. (B) The 
SLIII hairpin. The shaded region indicates the nucleotides that are identical in the ribozyme.
very often achieve their s tru c tu ra l s tab ility  through the  form ation of GU or GA base- 
pairs (Woese e.t al., 1990), This is also true  for larger hairp in  loops which generally 
have a considerable content of purines (Hoffman & W hite, 1995; H uang e.t al., 1996; 
Fountain e.t al., 1996), A lternatively, the  HDV central loop contains six pyrim idines 
and only one purine. M utational analyses have shown no indication of canonical or 
non-canonical base-pairs w ithin the  loop. Moreover, it was reported  th a t base-pairing of 
any type between loop residues and single-stranded regions elsewhere in the  molecule is 
very unlikely (Tanner e.t, al., 1994), The energy contribution  of o ther possible external 
interactions concerning the  loop are expected to  be insufficient to  alter its conform ation 
significantly.
These considerations led us to  believe th a t the  central loop of the  HDV ribozym e is 
s tructu ra lly  autonom ous and th a t the  isolated loop III will adopt a conform ation th a t 
may be m aintained in the  ribozym e molecule. We have investigated the  s truc tu re  of a 
19 nucleotide RXA hairpin  (Figure 2 ,IB ) containing the  above m entioned loop sequence 
by m eans of high-resolution XM R spectroscopy, in order to  investigate these hypotheses 
and to  find out w hat possible interactions stabilize the  s truc tu re  of pyrim idine-rich 
loop. The results indicate a relatively well-defined struc tu re  for the  RXA hairpin  with 
some novel s tru c tu ra l features. Furtherm ore, the  loop struc tu re  m atches the  chemical
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modification and mutational studies conducted on the ribozyme, supporting the notion 
of a structurally autonomous loop III,
R esults
Because the transcription reaction of the ENA yielded two distinct bands of about the 
same desired molecular weight, care was taken to ensure that the correct fragment was 
used for the NME experiments, ENA sequencing of the selected band confirmed the 
correct sequence of 15 out of 19 residues. The identity of the last 4 residues at the 3' end 
could not be determined by this method. However, a 13C- XH HMQC NME experiment 
showed that the selected fragment had the correct number of adenosine H2’s, purine 
H8’s and uridine and cvtidine H5’s, so that the possibility that the incorrect fragment 
had been chosen can be excluded.
In the 3D model of the HDV ribozyme proposed by Westhof and co-workers (Tanner 
et al, 1994) the central helix III is coaxially stacked upon helix II (Figure 2,1), We 
mimicked this colinear system in the 19-mer hairpin - hereafter referred to as Stem-and- 
Loop III (SLIII) - so as to account for possible effects of the stem on the conformation 
of the loop.
A ssignm ents
Assignment of the stem region was done using standard NME methods (Wijmenga 
et al, 1993), Sequential connectivities were established for the entire hairpin following 
an anomeric to aromatic proton walk, except for the correlations between C9 and U10, 
and C ll  and G12, but these residues could be interconnected via other sugar to base 
proton NOEs, The rest of the sugar spin systems could then be determined from 
TOCSY and NOESY ladders connected to the assigned Hi's, All loop residues had 
observable TOCSY crosspeaks from HI' to H2', and for C9 through C13 even HI' to 
H3' and H4' correlations were observable. The sugar proton resonances that could not 
be assigned in the TOCSY spectra were identified by their NOE intensities to already 
assigned sugar protons - generally the well-dispersed H i's - and to base protons. This 
procedure resulted in the assignment of all sugar proton resonances, except for a few 
cases in which the resonance identification was hampered by overlap or line broadening 
(marked as ’tentative assignment’ in Table 2,1),
Stem imino proton resonances could be identified via imino-imino and imino to adeno­
sine H2 NOEs, The imino resonance of G l is less intense than the others due to fraying 
at the helix end, Intra-base-pair crosspeaks connecting guanosine-imino to H5 and H6 
resonances of the cvtidines - caused by spin diffusion via the C-amino group - agreed
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with the aforementioned assignments.
Most 31P-assignments could be derived from a 2D 31P-XH Hetero-TOCSY-NOESY 
spectrum. During the TOCSY mixing period, coherence is transferred from the phos­
phorus atom of residue (i) to its own H5'/H5" protons and to the H3' proton of residue 
(i-1). In the subsequent NOE mixing time there is an NOE buildup from the (i-1) H3' to 
the HI' proton of the same sugar. This pathway resulted in P(i)-Hl'(i-1) connectivities 
for all residues but one. No crosspeaks were observed to Hl'(i) protons, since these are 
located at a distance of about 5A away from the H5'/H5"(i) protons. The unambiguitv 
of the correlations with the well-dispersed H i's makes this experiment a very useful tool 
in assigning 31P-resonanees, even when these are overlapping. For relatively isolated 31P- 
resonances, assignments could be confirmed by connection to H3' and H5'/H5" protons 
in the 2D HETCOE and Hetero-TOCSY spectra.
M agnesium  titration
As mentioned previously, HDV catalytic ENA has an absolute requirement for Mg2 . 
but it is not known whether the cation is only required for the cleavage step or that 
it is also specifically involved in the stabilization of ENA tertiary interactions. To test 
the influence of Mg2 on the loop conformation, we titrated MgCl2 in 2,5 mM steps 
to the ENA sample and monitored the behaviour of the H5-H6 and Hl'-H2' resonances 
in 100 ms TOCSY spectra (data not shown). Only very modest changes in chemical 
shifts were observed in the range of 0 to 10 mM MgCl2, but all resonances broadened 
considerably. This indicates that the loop structure is quite independent of the presence 
of magnesium.
Structure determ ination
A total number of 192 intra- and 136 inter-residue NOEs was collected, of which 58 and 
51 relate to loop residues, respectively. As expected, residues 1 to 6 and residues 14 
to 19 form normal Watson-Crick basepairs, and for these regions all NME data are in 
agreement with a normal ENA A-helix, Imino proton resonances are at the expected po­
sitions and imino-imino contacts are observed throughout the stem region. All G-imino 
to C-amino contacts are also indicative of regular Watson-Crick basepairs. Sequential 
H l', H2' and H3' to base connectivities as well as low-intensitv base-base contacts can be 
seen for all stem residues. With the exception of G l, all stem residues have an N-tvpe 
sugar pucker. Therefore we kept the stem residues 1 to 5 and 15 to 19 in a fixed helical 
conformation during all molecular dynamics (MD) simulations that were necessary for 
calculating the correct loop conformation. The basepair preceding the loop, C6-G14, 
was allowed to move within the boundaries of the standard A-helical distance restraints
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Figure 2 .2  Overview of the inter residue NOE distance restraints used in the structure cal­
culations of the loop residues of the SL III hairpin. Connectivities between protons are indicated 
by lines.
to accomodate for possible distortions imposed by the loop conformation. The final 
restrained molecular dymamics (rMD) run, in which all experimental data were used as 
restraints on a standard A-helix, yielded no violating structures, indicating th a t all stem 
XOEs agree with this conformation.
The loop region
Despite the availability of 51 inter-residue constraints for the loop region alone (Fig­
ure 2,2), the first rMD run, which started  from randomized loop conformations, yielded 
an ensemble of 50 structures with 20 violations or more, A set of 10 structures with the 
lowest energies and the lowest number of violations was selected from this ensemble and 
subjected to the same SA-protocol, This resulted in a family of structures with only 5 
to 10 violations. And after yet another round of selection, no structures were obtained 
with violations greater than  0,5 Â, It is noted in passing th a t the torsion angle dynamics 
protocol (Stein e.t al., 1997), which has become available only after this investigation was 
completed, accomplishes much higher convergence rates (see chapters 3 and 5),
Figure 2,3 shows an overlay of a family of structures fulfilling all experimental 
restraints*. Residues U7 through C9 at the 5'-end of the loop are structurally best
* Recently, the Tinoco group reported an NMR study on the same hairpin loop (Lynch & Tinoco. Jr. 
1998). Their loop structure disagrees with the one presented here on several points. In particular, the 
conformation around the turn  in the backbone (discussed later on in this chapter) is distinctly different. 
Tinoco and co-workers attribute this deviation to pH or salt effects, but these are unlikely to have such 
a large effect on the structure. In addition, the authors find their assignments similar to those reported 
by us, indicating largely similar conformations. Unfortunately, no description of the relevant NOEs is 
given in their paper, nor are the dissimilarities to our distance restraints discussed. Moreover, the only- 
distinct structural feature that is reported concerns a syn conformation for C l l .  Although the suggested 
conformation is in an energetically disallowed region (based on Saenger (1984), page 74), no rationale is
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A B
Figure 2 .3  Overlay of the 10 best out of the final ensemble of 50 structures, superimposed on 
all residues (A), and on loop residues U7, C8, C9, UIO and CIS (B). Only the loop residues 
and the closing basepair of the stem are shown.
defined, but UIO and C13 also have little conformational freedom. These five residues 
have a local root-mean-square-deviation (rmsd) of 0,83 Â (with respect to the mean 
structure), but the overall rmsd for the loop is 1 , 0 2  Â as a result of the much poorer 
structural definition for residues C l l  and G12, The 3 1 P-chemical shifts for the first three 
residues at the 5'-side of the loop have A-helical values and a considerable number of 
sequential base to base and sugar to base XOEs forces residues C6  through C9 into a 
stacked orientation (see Figure 2,2), All regular A-helical connectivities are observable 
for this region, albeit with different intensities. In particular, the measured distances 
between H2'(i) and H5(i+1) for C6 , U7 and C8  are around 4,2 Â, which is about 1 Â 
less than in a standard A-helix, This leads to an orientation in which the bases are 
positioned directly above each other, thereby reducing the helical twist for these residues 
practically to zero. This pattern  is disrupted between C9 and UIO, as is indicated by a 
large value for -Ih v h i ' - meaning tha t the uridine sugar adopts an S-conformation - and 
the position of the phosphorous resonance of UIO, A relatively strong XOE connecting 
the C9 H4' and the H6  of UIO is observed while an inter-residue H I' to H6  crosspeak is
given for this very unusual orientation. From our data we concluded that the rather large H l'-H 6 NOE 
intensity observed for this residue is caused by local flexibility, and in fact the result of 1/ r 6 averaging 
of short (2.5 A or less) and longer H l'-H 6 distances (around 3.5 A), corresponding to truly x - syn arl(l 
the regular anti conformations, respectively. At this point we see no reason to doubt the validity of the 
structure presented in this chapter, and must conclude that the structure reported by Lynch & Tinoco. 
J r  (1998) is an unlikely m ajor conformer under the present conditions.
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absent for these residues. This forces the uridine base into an orientation that is different 
from the preceding residues (discussed below).
The NOEs at the 3'-side of the loop display a more or less regular stacking between 
C13 and G14 (in the stem). According to the HI' to H2 ' coupling constant, the sugar 
pucker of the cytidine is approximately of the N-type, Alternatively, the preceding 
residues C ll and G12 have sugar puckers that are in conformational equilibrium be­
tween N- and S-tvpe puckers, G12 has only few sugar to base contacts with C13, and 
shows some irregular NOEs with the sugar of C ll, Its sugar proton resonances are 
broadened at 750 MHz, and the same broadening is seen for residue C ll, Interestingly, 
the lines sharpen up at 500 MHz and the Ì h v h v ^  for C ll and G12, which were not 
or hardly resolved at the higher field strength, could be easily measured. This indi­
cates a conformational exchange for these residues with estimated lifetimes of tens of 
milliseconds. Such an internal mobility is also suggested by the two unidentified imino 
resonances that are observed in the H20  spectra, one at 12,1 ppm and another very 
broad peak at 11,1 ppm. They are clearly visible at 400 MHz, but are broadened almost 
beyond detection at higher field strengths. Unfortunately, no NOEs could be observed 
to these resonances. Since G12 is a rather unlikely candidate for a visible imino proton 
considering its orientation in the 3D structure (vide infra), these two resonances can be 
attributed to U7 and U10,
No NOEs from G12 towards the 5'-side of the loop are observed, and in most of 
the calculated structures its base is not pointing in that direction, which makes it very 
unlikely to be involved in some kind of basepairing to a residue in the opposite strand. 
Unfortunately, it is difficult to assess the conformation around the angle x  because of the 
mobility of this residue mentioned earlier. All NOEs concerning this residue are rather 
weak because of a possible conformational averaging. Additionally, the G12 H2'- and 
H3'-resonanees are broadened and partly overlapping with other resonances, hampering 
an accurate determination of x  through the H8 to H2'/H3' NOE intensities. However, 
as will be discussed in the following section, the data suggest that the guanosine base 
moves within the limits of two conformations, and therefore the x-angle was constrained 
to the corresponding boundaries of 50 to 100°,
Discussion
D escription of the structure
A representation of the average structure is given in Figure 2,4, The two bases at the 
stem-loop junction, U7 and C13, form a hydrogen bond between the 02 of U7 and the 
amino group of C13 (Figure 2,5), The geometry of this non-Watson-Crick U-C basepair
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Figure 2.4 Stereoview (drawn with MOLMOL (Koradi et al., 1996)) of the average structure 
of the ensemble depicted in Figure 2.3. Only the loop residues and the closing basepair of the 
stem are depicted. The current view is towards the major groove side of the loop, and the base 
of G12 is pointing out of the plane. No sugar protons are shown, except for the tí hydroxyls. 
Putative hydrogen bonds (based on the proximity of the donors and acceptors in the calculated 
structures) are marked as broken lines.
is different from the one observed in the crystal structure of an RXA duplex (Holbrook 
e.t al., 1991), in which case a hydrogen bond is formed between the 0 4  of the uridine 
and the cytidine amino group. This difference in configuration is related to the fact 
th a t in our case the base of U7 is positioned directly above C6 . As a consequence, 
U7 is turned towards the major groove with respect to C13 and offers its 02  rather 
than  its 0 4  as a hydrogen bond acceptor to the aminogroup of C13. The same base 
to base overlap is observed for residues C8  and C9, which also have their bases turned 
towards the major groove, rather than  towards the helical axis. The orientation of these 
three residues makes them  accessible for possible long-range tertiary  interactions in the 
HDV ribozyme. The stacked region at the 5'-side of the loop is followed by a turn  in 
the backbone between C9 and UIO. This is clearly manifested by the opposite sugar 
orientation of these residues (Figure 2.4). This sudden inversion of the direction of the 
sugar-phosphate backbone is accompanied by an S-puekered conformation of the sugar 
of UIO, and causes its base to be positioned directly above the phosphate of C9, The 
stabilizing role of such a base-phosphate stacking interaction is complemented by two 
hydrogen bonds, i.e. between the hydroxyls of C9 and UIO and the phosphate oxygens 
of UIO and C9, respectively. This local network of interactions keeps the partaking 
residues in place and explains the non-standard conformational properties such as the
S-pueker of UIO. It also separates the rigid 5'-region of the loop from the more flexible
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Figure 2 .5  Geometry of the U-C base pair formed between the first (U7) and the last (CIS) 
nucleotide in the loop. The present data suggest a hydrogen bond between HJ^l of the cytidine 
and 02  of the uridine.
3'-region, in particular residues C l l  and G12, The dynamic character of these two 
residues, which was suggested by the XMR data, is also apparent from the family of 
structures in Figure 2,3, However, on average the base of C l l  seems to be roughly 
positioned above its own phosphate, thus enabling base-phosphate stacking.
The flexibility in this part of the loop is even more evident for residue C l2, The XI of 
the base is pointing towards the major groove (which is towards the viewer in Figure 2,4), 
but there is a considerable degree of motional freedom. The H I' to H2' scalar coupling 
constant of 5 Hz reveals a conformational equilibrium between X- and S-puekering of the 
sugar. Structure calculations in which the sugar pucker was constrained to either one of 
these conformations resulted in two different families in which the amino group of the 
guanosine is close to hydrogen bonding distance to either the phosphate of G 1 2  or C13, 
respectively. In the absence of sugar puckering restraints, the orientation of the base is - 
on average - somewhere in between these positions. The sugar of G12 remains more or 
less in place in these different situations, which is reflected by the fact tha t its hydroxyl 
proton is always within or near hydrogen bonding distance to the phosphate of C13,
N ovel structural features
The SLIII loop contains a number of structural features not observed earlier. The new 
configuration of the U-C base-pair has already been mentioned in the preceding section. 
The other aspects can best be brought out by comparing the present results with the 
well-studied structure of the tRXA-anticodon loop, which is also a seven-membered 
loop. In the anticodon loop the structure is dominated by extensive base-base stacking 
interactions proceeding from the 3'-end of the loop through the fifth nucleotide after 
which a sharp turn  between the fifth and the sixth nucleotide changes the direction of
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Figure 2 .6  SchematicaI overview of the U-turn in the yeast-tRNAl>hi' anticodon loop (A), 
and the ”reversed U-turn” found in the SL III loop (B). The direction of the chain is indi­
cated by small arrows next to the the sugars (depicted as ellipses). Other symbols are: plates 
(bases), spheres (phosphates), dashed arrows (base-base stacking) and curved double arrows 
(base-phosphate stacking).
the sugar- phosphate backbone (see Figure 2.6A). The remaining gap is closed by the 
last two residues, i.e. at the most 5'-side of the loop (for a review of the tRXA1>hfi crystal 
structure see for instance Quigley & Rich (1976)). In the geometrical model developed 
for loop folding (Haasnoot e.t a l, 1986; Hilbers et a l, 1994) it has been indicated how 
such an A -type stacking configuration reduces the distance between the fifth residue and 
the 3'-end of the helix to such an extent th a t the remaining gap can be closed by the 
remaining two residues. As a result of this stacking, the bases involved are in a suitable 
orientation for engagement in anticodon-codon interactions.
The sharp change in the direction of the backbone is brought about by the turning 
phosphate, i.e. the torsion angles in the phosphate adopt a socalled 7r3-turn  (£- , a 1), 
between U33 and G34 (numbering of yeast-tRXA1>hfi, see Figure 2.6). The sharp turn  is 
stabilized by the stacking of the uridine base (U33) on the stacking phosphate G 34-p- 
A35, which is located at the 3'-side of the turning phosphate (see Figure 2.6). In the 
SLIII loop the situation is reversed, i.e. the positions of the turning and the stacking 
phosphates have been interchanged. Thus, the phosphate in the SLIII loop corresponding 
with the turning phosphate in the anticodon loop has become the stacking phosphate 
and vice versa: the stacking phosphate (C 8-p-C9) preceeds the turning phosphate (C9- 
p-U lO ). Also in contrast to the anticodon loop, in the SLIII loop the uridine (UIO) 
involved in phosphate stacking now directly follows the turning phosphate instead of 
preceding it. This means th a t it has shifted two positions in the 3'-direction compared 
to U33 in the anticodon loop; in other words, in the 3-nucleotide sequence making up the 
U-turn the uridine is now at the end and not at the start and therefore we designate this
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configuration as a reversed U-turn, Analogously to the U-turn found in the anticodon 
loop in tENA, it is expected that this turn may also be found in other molecules.
The orientation around the reversed U-turn has interesting and important conse­
quences for the loop conformation. In the anticodon loop the base of U33 stacks on the 
stacking phosphate by turning inwards into the loop forming, through its imino proton, 
a hydrogen bond with the phosphate of A36, On the other hand, in the SLIII loop stack­
ing of the base of UIO on the stacking phosphate turns it outwards towards the solvent 
(see Figure 2,4) and it is not possible to form a hydrogen bond by its imino proton and 
acceptor groups in the molecule. The turn is stabilized, however, by a hydrogen bond of 
the hydroxyl group of the sugar of UIO and the stacking phosphate (Figure 2,4), One 
might wonder whether the same configuration could prevail if UIO were substituted by 
a cvtidine. At this point, we see no problem with this; mutational data from Kawakami 
et al. (1993) indicated that a U10C substitution in the HDV genomic ribozyme did not 
abolish the catalytic activity.
Preform ation of the central loop in the antigenom ic ribozym e?
The structural and functional features of the central loop in the HDV ribozyme have 
been the subject of a number of biochemical studies, A comparison of these results with 
the structure obtained in this study for the isolated hairpin, SLIII, suggests that the 
basic structural features of the latter are retained in the ribozyme. Mutational studies 
(Tanner et a l ,  1994) have indicated that the guanosine corresponding with G12 in the 
SLIII loop is not involved in Watson-Crick base-pairing with the cvtidine corresponding 
with C8 in the SLIII loop in the opposite strand. This conforms nicely to the SLIII-loop 
structure. The hydrogen bond pattern of the hydroxyl groups and the stacking in the 
5'-side of the loop pulls the base of C8 away from G12, Close inspection of G12 and its 
surroundings in a spacefilling model also reveals that an approach of the guanosine base 
towards the cvtidine base is hindered by the sugar ring of the latter. This leaves the 
guanosine as an element of local mobility in an otherwise relatively rigid loop structure. 
The mutational studies have also indicated that especially the nucleotides of the 5'-half 
of the central loop are very important for catalysis. In order to obtain a clearer picture of 
the role of these residues of the central loop, more data are needed describing the tertiary 
fold of the molecule, Eeeentlv, progress in this matter has been achieved by studying the 
formation of long range photocrosslinks within the genomic and antigenomic ribozyme 
molecules (Bravo et a l ,  1996; Eosenstein & Been, 1996), Bravo et al. (1996) showed 
that, using photo-active thio-uridine, crosslinks could be obtained between substrate 
positions -1 and -2 (defined with respect to the cleavage site) and the cvtidine and 
guanosine corresponding with G12 and C8 in the SLIII loop respectively, Eosenstein
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& Been (1996) observed, by employing the photo-aetivatable azidophenacyl group, that 
the phosphate at the cleavage site crosslinks to the 3'-side of the central loop, that is to 
and adjacent to the guanosine residue corresponding with G12 in the SLIII loop. These 
results show that in the tertiary structure these loop residues are in close proximity of, 
or form part of the catalytic site. In the SLIII loop these residues are in positions which
- if maintained in the central loop in the ribozyme - would be easily accessible to these 
photocrosslinkers. Unfortunately, the photocrosslinking data are not able to discern the 
orientation of the central loop with respect to the cleavage site. In the three-dimensional 
model proposed by Tanner et al. (1994), the central loop is oriented with its minor 
groove in the direction of the site of cleavage, while the major groove side of the loop is 
directed towards the solvent. Conversely, the present data show that some of the loop 
residues - in particular the important residue G12 - are accessible from the major groove 
side of the loop. In view of the mentioned cross-linking data, this implies a somewhat 
different orientation of the central loop relative to the other important domains in the 
ribozyme. As mentioned earlier, in the 5'-side of the SLIII loop the residues are turned 
outwards to the solvent. In such an orientation the bases could easily form, together 
with the residues in the JI/IV and JII/IV regions (see Figure 2,1), a substrate binding 
pocket as suggested by Eosenstein & Been (1996),^
M aterials and m ethods 
Sample preparation
The 5'-pppGGCACCUCCUCGCGGUGCC-3' ENA oligonucleotide was prepared from 
a partially duplex DNA template by in vitro transcription with T7 ENA polymerase 
(Milligan et a l ,  1987), The ENA was purified by preparative gel-eleetrophoresis. The 
total yield was about 3 mg of ENA out of a 100 ml transcription reaction. The sequence 
of the ENA transcript was confirmed using an ENA enzyme sequencing kit (Pharmacia),
N M R  spectroscopy
NME samples were prepared by dialvzing the purified ENA versus a 10 mM Na2H P04/
+ V er y  recently, Doudna and co-workers have succeeded in obtaining the crystal structure of the full 
genomic HDV ribozyme (Ferré-D’Amaré et al., 1998). Although the central loop in this molecule has a 
somewhat different sequence than the hairpin described in this chapter, there seem to be some salient 
similarities between the two structures. Stacking of U7 on the preceding helix, as well as the mutual 
stacking of residues 8 and 9, are observable in both structures. Moreover, the turns in the backbone are 
at identical positions. In all, our hypotheses pertaining to  the preformation of the central loop appear to 
be largely corroborated by the Doudna structure. Further consideration on this m atter will be possible 
as soon as the pdb coordinates become available.
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NaH2P 0 4 buffer at pH=6,55 and subsequent concentration to 500 ¡A (yielding a 1 mM 
sample) using a Centricon microconcentrator, NME experiments were performed on 
Varian Unity +  500 and 750 , and on Bruker AM 400 and AMX 600 spectrometers. For 
samples in 90%H20/10%D20 , spectra were recorded at 5 °C, 10 °C and 15 °C, For 
these samples, ID spectra and 2D NOESY spectra with a mixing time of 250 ms were 
obtained using a jump-and-return read pulse (Plateau & Guéron, 1982),
Unless stated otherwise, all experiments on D20-samples were performed at 25°C, 
2D NOESY (Jeener et a l ,  1979) and TOCSY (Griesinger et a l ,  1988) experiments were 
carried out at 5 °C and 25 °C with different mixing times achieving water suppression by 
presaturation of the residual HDO peak. All experiments were recorded using the TPPI 
method (Marion & Wüthrieh, 1983) for quadrature detection, unless stated otherwise, 
31P-1H correlations were established using a 31P-1H HETCOE (Sklenar et a l ,  1986), 
a 31P-1H Hetero-homo-TOCSY (Kellogg, 1992), and a 31P-1H Hetero-TOCSY-NOESY 
(Kellog & Schweizer, 1993) experiment. The latter two experiments were carried out 
with a hetero-TOCSY mixing time of 75 ms followed by a 50 ms homo-TOCSY or 
250 ms NOESY mixing time, respectively, A GAEP sequence (Shaka et a l ,  1985) was 
used for the decoupling of the phosphorous spins. All these heteronuclear experiments 
were performed using the States-TPPI method (Marion et a l ,  1989) for quadrature 
detection, A 13C-1H HMQC experiment (Bax et a l ,  1983) at natural abundance was 
carried out with SHE quadrature detection (States et a l ,  1982),
Structure calculations
All structure calculations were performed with X-PLOE V3.1 (Brünger, 1992), Distance 
restraints were derived from 100, 200 and 300 ms NOESY spectra. The NOE cross-peak 
intensities were corrected for spin-diffusion using the relaxation matrix approach of the 
program N02DI (Van de Ven et a l ,  1991), Upper and lower bounds were set to 120% 
and 70% of the calculated distance, respectively.
Sugar puckers were determined from J h v h 2' coupling constants (Wijmenga et a l ,  
1993), These couplings could be measured for residues C8 through G12 in 2D NOESY 
and TOCSY spectra by making use of the finestrueture of the crosspeaks to the HI' 
resonances (for numbering see Figure 2,1), For residues Gl, U7 and C13, clear HI' to 
H2' crosspeaks were observable in 50 ms TOCSY spectra, but the coupling constants 
could not be determined accurately since the average line width of 4,5 Hz does not 
permit the measurement of splittings smaller than 3 Hz, Therefore, Jh v h v  for these 
residues was set to an estimated value of 2 Hz, N-tvpe and S-tvpe puckers were used as 
constraints in the case of very weak or very strong Hl'-H2' coupling, respectively. No
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puckering restraint was used in other cases.
Dihedral restraints for the backbone angles a ,  C, ß  and 7  were set within a range 
of ±20° of the A-form values for residues with helical sequential NOE connectivities 
and phosphorous chemical shifts around -2,3 ppm that are indicative of a regular helix. 
The angle e was set to 225 ±  60° to prevent the occurrence of conformations in the 
gauche+ region which is stereoehemieallv forbidden for this angle, x~angles were set to 
202 ±30° or 65 ±30° - in the anti  or syn  range, respectively - depending on their H8/H 6 
to Hl'/H2'/H3' NOEs, The simulated annealing (SA) protocols include an 18 ps Ml) 
run of 6000 steps at 1000 K, followed by gradual cooling during 9 ps to 300 K in 3000 
steps. In the first SA run, used to obtain random orientations for the loop region and 
a regular A-helix for the stem, standard A-helix distance and dihedral restraints were 
imposed on a random extended structure for all residues that are helical according to 
the NME data. Subsequently, 10 starting structures were selected that had reasonable 
torsion angles for the loop region. All NOE data as well as the experimental dihedral 
angles were then added as restraints and 50 structures were calculated. After two cycles 
of selection and calculation - discussed in the Eesults section - 10 structures that best 
matched the restraints were used as a set of starting structures in the last SA run, 
employing experimental data for the stem in addition to standard restraints needed to 
maintain A-helical conformation. Finally, the resulting ensemble was subjected to 2000 
steps of restrained conjugate energy minimization. The coordinates have been deposited 
in the Protein Data Bank under accession code IATO,
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Table 2.1 Chemical shifts o f proton and phosphorous resonances relative to T S P  in the S L II I  
hairpin. The 31P -chem ical sh ift was calibrated as described by Ikura  e t al. (1991b), by m ultiplying  
the l H  T S P  frequency by O.4O4 807 93.
H8/H 6 H2/H5 H I' H2' H3' H4' H 5 '/H 5"’ im /am 31p J h 1'H 2'(H z )
G l 8.11 n.a.“ 5.78 4.92 4.73 4.51 4.25/4.12 13.01 -0.01 2
G2 7.62 n.a. 5.88 4.52 4.60 4.25 4.51/4.25 13.38 -1.88 <1
C3 7.71 5.29 5.50 4.48 4.56 4.43 4.12/4.I I 6 8.61/6.96 -2.386 <1
A4 8.06 7.41 5.94 4.54 4.66 4.48 4.13/4.02 -2.14 <1
C5 7.48 5.23 5.37 4.21 4.31 4.37 4.46/4.03 8.45/7.04 -2.39 <1
C6 7.60 5.40 5.51 4.30 4.35 4.37 4.03/4.01 8.48/6.87 -2.48 <1
U7 7.67 5.46 5.57 4.33 4.34 4.44 4.06/4.04 -2.49 2
C8 7.72 5.66 5.56 4.18 4.43 4.31 4.06/3.99 -2.23 3
C9 7.86 6.00 5.76 4.28 4.27 4.48 4.16/4.006 -2.39 5
UIO 7.69 5.80 5.76 4.23 4.47 4.296 3.98/3.94 -1.75 9
C ll 7.61 5.82 5.64 4.24 4.56 4.21 3.91/3.896 -2.05 5
G12 7.92 n.a. 5.65 4.25 4.82 4.48 4.17/4.106 -2.06 4
C13 7.62 5.42 5.68 4.56 4.31 4.48 4.34/4.336 -1.50 2
G14 7.56 n.a. 5.65 4.47 4.326 4.346 4.14/4.13 12.75 -1.72 <1
G15 7.33 n.a. 5.80 4.46 4.54 4.07 4.06/4.05 13.31 -2.42 <1
U16 7.72 5.13 5.56 4.64 4.55 4.43 4.12/4.08 13.70 -2.59 <1
G17 7.72 n.a. 5.80 4.49 4.55 4.126 4.08/4.05 12.66 -2.10 <1
C18 7.66 5.23 5.45 4.22 4.41 4.36 4.06/4.066 8.61/6.96 -2.65 <1
C19 7.64 5.50 5.73 3.98 4.15 4.12 4.45/3.97 8.61/7.136 -2.34 <1
a Not applicable 
6 Tentative assignment.
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N M R  structure of a classical pseudoknot: interplay  
of single- and double-stranded R N A
Abstract
Pseudoknot formation folds the 3' ends of many plant viral genomic ENAs into structures 
that resemble tENA in global folding as well as in their reactivity to tENA-speeifie 
proteins. The solution structure of the pseudoknotted T-loop/acceptor arm of the 
tENA-like structure of turnip yellow mosaic virus (TYMV) was determined by nuclear 
magnetic resonance spectroscopy (NME), The stability of this molecule is imposed by 
the hairpin formed by the 5' end of the ENA, and by the intricate interactions related to 
the loops of the pseudoknot. Loop 1 spans the major groove of the helix, but surprisingly 
by only two of its four nucleotides. Loop 2, which crosses the minor groove, is found to 
interact closely with its opposing helix, in particular through the hydrogen bonding of 
a highly conserved adenosine. This provides an example of a new type of minor groove- 
single-stranded ENA interaction at helical junctions. The structure displays internal 
mobility which may very well be a general feature of ENA pseudoknots that regulates 
their interaction with proteins or other ENA molecules.
M.H. Kolk, M. van der Graaf, S.S. Wijmenga, C.W.A. Pleij, H.A. Heus and C.W. Hilbers, 
Science 280, 434-438 (1998)
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In trod uc tion
RXA pseudoknots are found in virtually all classes of RXA and play key roles in a 
variety of biological processes. They often constitute a local structural element th a t may 
act as a recognition site for proteins involved in replication initiation or translational 
regulation (Ten Dam e.t a l,  1992; Pleij, 1994), The formation of most functional pseu­
doknots involves Watson-Crick base pairing of residues in an RXA hairpin loop with 
nucleotides outside th a t loop, yielding two stems which are mutually connected by two 
non-equivalent loops. Stacking of these helical segments is thought to add to the overall 
stability of the pseudoknot and represents a major feature of the functional pseudoknots 
described to date (Puglisi e.t al., 1990; Shen & Tinoco Jr, 1995; Du e.t a l,  1996), Consis­
tent with the RXA A-helical geometry, the connecting loops 1 and 2 are always located 
on opposite sides of the helix, at the major and minor groove side, respectively. However, 
detailed information on tertiary  structure in the pseudoknot and on the determ inants of 
its stability has not been available. Here we describe the XMR structure of a pseudo­
knotted fragment tha t is resolved at an atomic level in all regions, allowing an accurate 
description of the subtle interplay of single and double stranded regions responsible for
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Figure 3.1 Secondary structure of the T-arm and pseudo knotted acceptor-stein of the t.RNA- 
like structure of T Y M V  RNA. Non-wild-type residues are given in lowercase.
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the distinct structural and dynamic properties of the molecule.
The system matches the complete T-arm and valine acceptor-arm of the tRNA-like 
structure of TYMV genomic RNA, This structure was the earliest example found for 
this class of pseudoknot motifs (Pinck et a l ,  1970; Yot et a l ,  1970; Rietveld et a l ,  1982), 
which is present in the genomic RNAs of many plant viruses (Mans et a l ,  1991), The 
tRNA mimicry is achieved through pseudoknot formation in the aminoaeyl acceptor arm, 
leading to a global folding of the entire tRNA-like structure into an L-shaped molecule, 
despite a secondary structure that is very different from tRNA (Florentz et a l ,  1982; 
Rietveld et a l ,  1982), The structural resemblance to tRNA is also evident from its 
reactivity to tRNA-speeifie enzymes - such as cleavage by RNase P and aminoaeylation 
by valvl-tRNA synthetase, as in the case of TYMV genomic RNA (Hall, 1979; Mans 
et a l ,  1991).
Results and discussion
The 44-nucleotide RNA molecule under study is depicted in Figure 3,1, Structure prob­
ing experiments using enzymatic digestion with RNase T1 and nuclease SI (essentially 
as described in (Van Belkum et a l ,  1988)) confirmed the presented secondary struc­
ture, Interestingly, fragments lacking the 5' hairpin (i.e. residues 1-17, corresponding 
to the T-arm in tRNA) showed a different protection pattern for the pseudoknot (data 
not shown), indicating an unstable structure under native conditions. It was therefore 
concluded that this hairpin is required to seal down an otherwise unstable pseudoknot. 
The sequence is identical to the wild-tvpe 3' terminal region of TYMV RNA, with the 
exception of some structurally silent alterations in the stem and loop of the T-arm, The 
size of the molecule demanded the use of both uniformly and selectively (A-onlv and 
U-onlv) 13C- and 15N- labeled samples for the NMR structure determination. Selective 
labeling proved essential for assigning the resonances of loop residues and of residues lo­
cated near the helical junction sites, some of which are severely broadened (Figure 3.2A), 
Most resonances could be identified with standard triple-resonance techniques but some 
additional experiments were needed for complete assignment of the sugar spin systems 
(see the Materials&Methods section and chapter 4), Distance and dihedral restraints 
derived from the NMR data were used for structure calculations to obtain the final 
ensemble of 10 structures (Table 3,1, displayed in Figure 3,3),
The average structure shows an A-tvpe helical conformation for all three stem regions, 
Colinearitv is maintained at both helical junction sites. Slight torsional and swaying 
motions between these helices on a millisecond time scale are most likely responsible for 
the observed line broadening for residues near the interface of stem 1 and 2 , Changes in
46 C hapter 3
Figure 3 .2  (A) Example of the line broadening observed for residues near the junction site of 
the pseudoknot. The NOE crosspeak between the H  5 and H  6 resonances of C20, which is still 
visible at 400 MHz, is broadened beyond the level of detection at 750 MHz due to conformational 
averaging. The H  5 to H  6 NOE crosspeak of C6 is displayed as a reference. (B) Strip taken 
from a 200 ms N O E SY  experiment at 4-00 MHz showing the long-range NOEs to the A35 H2- 
resonance.
the ring-current effects resulting from even a modest dislocation of an aromatic moiety 
can result in a significant change in chemical shift of nearby protons (Wijmenga e.t al., 
1997), even if the latter themselves are within a stable Watson-Crick base pair. This type 
of dynamics probably also accounts for similar line broadening reported for a different 
pseudoknot (Shen & Tinoco Jr, 1995), and we expect it to be a general phenomenon of 
this class of RXA motifs.
The rod-shaped molecule is capped by a seven-membered loop that is comparable to 
the T-loop in tRXA, Although two mutations were introduced at the 5' side of the loop, 
its sequence contains all the invariable residues of valine-accepting plant viral tRXA-like 
structures (Mans e.t al., 1991), The loop has a well-defined structure governed by a 
classical U-turn, as observed in the tRXA anticodon loop, and is almost identical to the
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Figure 3 .3  Superpositions of the 10 final structures ({SK}) of the T Y M V  pseudoknot, super­
imposed on the T-arm residues (left), on residues in stem 1 and loop 2 (middle), and on residues 
near the $  terminus (right). All presentations of the structures were generated with MOLMOL 
(Koradi et al., 1996)
Table 3.1 Structural Statistics. (SA) denotes the final ensemble of 10 simulated-annealing 
structures, (SA) is the average structure, (SA),, the average structure after restrained energy 
■minimization, and SD the standard deviation.
(SA)±SD (SA)r
Rrns deviations(A/°)
Distance restraints(451)* 0.085±0.003 0.074
Dihedral restraints(257) 2.918±0.989 0.756
Rrns deviation from idealized geometry
Bonds(A) 0.0094±0.0004 0.0084
Angles(°) 1.957±0.110 1.815
Impropers(° ) 1.055±0.026 1.034
Restraint violations
Number of distance violations t>0.4A 4±1 2
Number of dihedral violations>5° 5±2 0
Atomic rrns deviations^)* (SA)vs.(SA)±SD (SA)vs.(SA),,±SD
All 2.10±0.23 2.55±0.35
Loop regions- 0.99±0.28 1.20±0.31
* Inter-nucleotide and conforrnationally relevant intra-nucleotide NOE restraints, t (SA) does not contain 
any violations >0.5A. None of the violations are clustering at a particular site of the molecule or show 
any persistency within the ensemble. * Heavy atoms only. “Average values of the local rnisd’s for residues 
6 through 12, 21 through 24 and 33 through 35.
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XMR structure of the initiator tRXAMfit anticodon loop (Schweisguth & Moore, 1997), 
While not experimentally proven, it is expected that this loop interacts with the D-loop 
analogue in the tRXA-like structure in a manner similar to that in tRXA, Clearly, the 
outwardly turned residues A9 through U12 are all fixed in a suitable orientation for such 
an interaction. However, the conserved sequence of the T-loop! in plant viral RXAs 
allows for a loop composition that has been shown to result in a very flexible structure 
(Yao e.t a l, 1997), Therefore, a well-defined structure in the isolated ;T-loop; does not 
seem to be required for any interactions with the ;D-loop; region in tRXA-like structures.
Unexpected conformations are found in the loop regions of the pseudoknot, XMR data 
from other pseudoknots (Puglisi e.t a l,  1990; Shen & Tinoco Jr, 1995) and computer 
modeling based on biochemical data (Dumas e.t a l, 1987) have led to the assumption 
that, in general, the size of the minor groove in RXA does not permit any interactions 
with the bases in loop 2 , which should therefore be ill-defined and exposed towards the 
solvent. In the present structure, to the contrary, loop 2 interacts with the minor groove 
of stem 1 and adopts a distinct conformation, not been previously observed, in particular 
around residue A35 (Figure 3,4), This residue is very well defined, as is apparent from 
the large number of long-range XOEs to its H2 proton (Figure 3,2b), Its base is tilted 
to an angle of almost 90° with respect to the plane of the opposing base pairs, allowing
Figure 3.4 Detail of the structure showing the hydrogen bonds found between loop 2 and stem 
1 (see text). The highly DEPC-reactive N  7 atom of A35 is depicted as a light-shaded sphere.
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it to hydrogen bond to both G30 and G31: from N - l  of A35 to the amino group of 
G30 and from the A35 amino group to the N - 3  of G31, In addition, the full ensemble 
of structures suggests that residue C34, which is stacking on A35, is somewhat flexible, 
and that its amino protons can be within hydrogen bonding distance of the 2'OH of 
G31, These three hydrogen bonds represent the first example of a helix to loop triple­
strand interaction in an ENA pseudoknot. They anchor the base of A35 deep within 
the minor groove, and unite loop 2 with its opposing helix. They also may provide the 
energetical compensation for the conformational strain in the loop, manifested by the 
unusual S-tvpe sugar conformation of residues A35 and U33,
The strong conservation of the adenosine at position 35 among many plant viral 
ENAs containing valine accepting tENA-like structures* is convincingly explained by 
the position of this residue in the NME structure. The uncommon tilting of its base 
moiety seems to be the only way to allow for triple interactions without affecting the 
overall direction of the chain in loop 2, which would impose unfavorable strain on C34 
and U33, Given this orientation, the N - 6  amino group is essential as an hydrogen 
bond donor to G31, a requirement that can only be fulfilled by an adenosine. Although 
the particular conformation around A35 has not been reported before, there are several 
other examples of adenosines that hydrogen bond to the minor groove of ENA helices 
(Chastain & Tinoco Jr, 1993; Plev et a l ,  1994; Cate et a l ,  1996a), suggesting a general 
principle of such adenosine-related interactions involved in the formation of higher order 
structure in ENA molecules.
The prominent reactivity of residue A35 towards diethylpvroearbonate (DEPC) has 
been regarded as compelling evidence for an outwardly turned orientation of its base 
(Dumas et a l ,  1987), which would contradict the NME structure. However, the adeno­
sine N-7, which is the actual site of modification in DEPC treatment, is still fully 
exposed towards solvent in the present NME structure (Figure 3,4), which is consistent 
with the chemical reactivity. Moreover, the mentioned triple interactions are expected 
to maintain structural integrity around this location even at higher temperatures, con­
current with the overall stability of the pseudoknot1’ , This offers a potential explanation 
for the fact that the high relative DEPC-reaetivitv for this residue is independent of 
temperature (Dumas et a l ,  1987),
*To our knowledge, 17 examples of pseudoknots have been described th a t are at comparable positions 
in the valine accepting tRNA-like structures found in tymo-, tobamo- and furoviruses. All but one of 
these have an adenosine at position 35. Hydrogen bonding partners G30 and G31 are less strongly- 
conserved throughout these species, being AG, GC or AC in 7 out of 17 sequences. The anatomy of the 
possible tertiary  interactions for these cases remains to  be established.
i Chemical shifts and NOEs pertaining to  A35 remain unaffected in a tem perature range from 5 to 
40°. Imino proton resonances of the pseudoknot broaden considerably at tem peratures above 50°.
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Figure 3 .5  View into the major groove of stem 2 showing the distinct turn in loop 1. U24 
and U23 are not involved in base pairing interactions with the opposite bases of A 4 I and C4 2 . 
Nucleotides C21 and U22, spanning the major groove, are drawn in thin lines. The curved arrow 
denotes the direction of the RNA chain.
At the opposite side of the pseudoknot’s quasi-continuous helix, loop 1 bridges the 
gap between C20 and U25 over the major groove of stem 2 (Figure 3.5). From model 
building studies (Dumas et a,I., 1987) it has been proposed that this loop is made up of 
residues C21 through U23 in a stacked orientation whereas the helical course of stem 2 
is extended by U24 stacking on U25, which would allow for a Watson-Crick base pair 
between U24 and A41. Our data confirm that U24 stacks on U25, but also show that it is 
not involved in base pairing. Furthermore, continued stacking of U23 on U24 reduces the 
remaining distance over the major groove to about 11 A , which can be easily spanned 
by the remaining loop residues C21 and U22 . A number of atypical torsion angles of U22
- with 7 in the trans-region and a pure S-tvpe sugar pucker - indicate that this residue 
is fully extended, allowing C21 enough conformational freedom to partly stack on C20. 
The unusual orientation of U22 is further evidenced by the strong down field shifts of its 
sugar 1H- and 13C-resonances.
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Figures 3,3 and 3,6 show that the A-helical façade of the molecule is not disturbed 
by either of the pseudoknot loops. The major groove of stem 2 can easily accommodate 
C21 and U22, whilst tertiary interactions deeply bury the residues of loop 2 into the 
minor groove of stem 1, preventing any residue from bulging out of the helical coil. The 
system can therefore structurally be regarded as the counterpart of the T-loop/acceptor 
arm in tRXA, which clarifies the recognition of the acceptor stem by aminoacyl tRXA 
synthetases. In the case of valyl-tRXA synthetase this is easily understood because this 
enzyme belongs to the class I synthetases which bind to the minor groove side of the 
acceptor helix, close to the extended 3' ACCA tail. Comparison of the present structure 
with the X-ray structure (Rould e.t a l,  1991) of tRXAGlu complexed with its cognate 
synthetase - also belonging to class I - reveals that the two pseudoknot loops are at the 
side opposite from where the enzyme docks. Binding of aminoacvlating enzymes to the 
TYMV acceptor arm is not limited to the minor groove side, however, since the acceptor 
arm of TYMV can be mischarged by histidinyl-tRXA synthetase (Rudinger e.t a l, 1992), 
belonging to the major groove-binding class II synthetases. Docking of such an enzyme 
conceivably replaces loop 1 from its native location in the major groove of stem 2 , 
thereby disturbing the base-base stacking interactions of U23 and U24, The energy cost 
of this displacement is expected to be limited, however, as no hydrogen bonds need to be 
broken and the native structure is already somewhat flexible at this site, as evidenced by 
the larger line widths and higher local rmsd for these residues. Thus, it appears that the
TYMV 
tRNA
Figure 3 .6  Comparison of the T Y M V  pseudoknot, with the general structure of tRNA. Pseudo­
knot. loops are colored light grey. The additional non-wild-type A U base pair (Figure 1) in the 
T Y M V  T-arm was deleted from the structure for the sake of comparison.
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structure found for loop 1 does not contribute as much to the stability and functionality 
of the molecule as does the the structure of loop 2, The observation that deleting three 
of four residues in loop 1 is not detrimental to pseudoknot stability (Mans et a l ,  1990) 
strongly supports this hypothesis.
Typically, the TYMV pseudoknot presents itself as a molecule of high structural in­
tegrity, potentially offering a number of particular recognition sites to proteins involved 
in replication initiation of the viral genome. Unlike other structural elements such as 
most ENA hairpins, it does so without being a solid and impenetrable body, Eather, the 
pseudoknot has a predisposition for partial unfolding that may very well be of functional 
significance. This ’soft’ characteristic of the structure is reflected by the observed twist­
ing and swinging motions of the helical segments and the requirement for the T-arm 
to prevent the slipping of strands in the pseudoknot. The difference in structural per­
severance of the molecule as compared with tENA could relate to its function in ENA 
replication, in which it should not obstruct the formation of the replication initiation 
complex or the elongation of the minus strand by the replicase, Eecent in vitro studies 
suggested that the long quasi-continuous helix of the pseudoknot enables an optimal 
interaction with both the replicase and the valvl-tENA synthetase, while not obstruct­
ing the replicase in its elongation mode (Deiman et a l ,  1998), A comparable role has 
been hypothesized for pseudoknots involved in frame-shifting activity (Schimmel, 1989; 
Brierley, 1995), and may be applicable to other functional pseudoknots.
M aterials and m ethods 
Sample preparation
ENA fragments were synthesized by in vitro transcription using T7 ENA polymerase 
(Milligan et a l ,  1987) with linearized plasmid as a template (Van Belkum et a l ,  1989), 
The ENA was purified using a Q-Sepharose column and preparative polyacrylamide gel 
electrophoresis, 13C- and 15N-labeled NTPs were obtained as described (Nikonowicz 
et a l ,  1992), For the A-onlv labeled sample, 13C /15N-ATP was separated from other 
nucleotides prior to synthesis, also using a Q-Sepharose column. The U-onlv sample was 
prepared with commercially obtained 13C /15N-UMP (Cambridge Isotope Laboratories), 
which was enzymatically converted to UTP, Since the pseudoknot structure depends on 
the presence of Mg2 . the purified ENA samples were dialvzed versus a 10 mM MgCl2 
solution at pH 6,7 and concentrated to 500 fA using a Centricon microconcentrator. 
Sample concentrations were between 1 and 2,5 mM,
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N M R  spectroscopy
NME spectra were collected on Bruker AM400 and AMX/DEX600, and on Varían 
Unity+ 500 and 750 spectrometers. Exchangeable protons were assigned from a NOESY- 
jr experiment (Plateau & Guéron, 1982) and a through-bond connectivity experiment 
optimized for uridines (Simorre et a l ,  1995), Non-exchangeable protons were assigned 
using 2D NOESY (Jeener et a l ,  1979), TOCSY (Griesinger et a l ,  1988), NOESY-HMQC 
and HMQC-NOESY (Ikura et a l ,  1990), doubly X-filtered 2D NOESY (Folmer et a l ,  
1995) and HCCH-TOCSY (Bax et a l ,  1990; Legault et a l ,  1994), Several new appli­
cations had to be developed to tackle the specific assignment problems of this system 
and to obtain the necessary torsion angle restraints, 31P-resonanees were assigned from 
a 31P-eonstant-time (CT)-13C-1H-experiment using gradient enhancement for the 13C- 
dimension (Kay et a l ,  1992), Dihedral angles were determined from gradient enhanced 
CT-TOCSY-HSQC and {31P} spin-echo difference type of experiments (Vuister et a l ,  
1993; Legault et a l ,  1995), Details of these experiments are described in Kolk et al. 
(1998b) and chapter 4 of this thesis.
Structure calculations
Interproton distance restraints were derived from crosspeak volumes in 80, 150 and 200 
ms NOESY spectra (recorded at 30°C) and were given ±20% error bounds. Crosspeaks 
that were only observable at longer mixing times were corrected for spin diffusion by 
using the H-5 to H-6 NOE as a reference for short (2,45 A) and helical intraresidue H -l' 
to H-6/H -8  NOE for longer (3,65 Â) distances (Barsukov & Lian, 1993), NOEs taken 
from 3D experiments were subdivided into four classes: strong (1,8 to 3,0 A), medium 
(2,5 to 3,5 Â), weak (3,0 to 6,0 Â) and very weak (4,0 to 7,0 Â), NOEs that could not 
be properly integrated due to overlap were assigned 1,8-7,0 A bounds, Watson-Crick 
hydrogen bonding and planarity restraints were imposed for residues present in a regular 
A-helix based on the imino spectra and the observed NOEs and chemical shifts. For 
the intra-residue restraints, only the eonformationally relevant aromatic to sugar proton 
distances were used. Sugar puckers were assigned N- or S-tvpe conformations - using 
dihedral restraints - in the case of weak or strong H -l' to H-2' crosspeak intensities, 
respectively, as observed in 2D and 13C-edited 3D TOCSY experiments. The angles 
around a  and £ were restrained to 0±120° for all residues but C8 and A44, which have 
31P resonances that are clearly shifted from the A-helical values and were therefore left 
unconstrained. Aromatic to H -l'/H -2 '/H -3 ' proton NOEs indicated that all x-angles are 
in the anii-range, which were therefore set to -158±60°, Other torsion angle restraints 
were set to the determined value ±30°,
A total of 451 experimental distance restraints (258 sequential and 193 intra-residue)
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and 257 pucker- and dihedral angle restraints were used as input in a torsion-angle 
dynamics protocol (Stein et a l ,  1997) using X-PLOE V3.851 (Brünger, 1992), This 
protocol was largely identical to that proposed for a DNA duplex (Stein et a l ,  1997), 
100 structures were calculated starting from a random extended conformation, and 
14 of those were selected, on the basis of lowest energies, for a subsequent round of 
conventional simulated annealing (SA) which included a 60 ps Ml) run of 20000 steps at 
2000 K, followed by gradual cooling during 30 ps to 300 K in 10000 steps. Force constants 
for NOE restraints were entered as soft-square well potentials at 50 kcal-mol_1-A_2. 
Dihedral restraints were introduced with an initial force constant of 5 kcal-mol_1-rad_2 
during the high temperature dynamics, which was increased to 200 kcal-mol_1-rad_2 at 
the beginning of the cooling step. The average structure (SA)was determined from 10 
low-energy structures out of the ensemble of 140 structures thus calculated and subjected 
to 6000 steps of restrained conjugate gradient energy minimization.
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On the N M R  structure determ ination of a 44n R N A  
pseudoknot: assignm ent strategies and derivation of
torsion angle restraints
A b strac t
The complete T- and pseudoknotted acceptor arm of the tRNA-like structure of turnip 
yellow mosaic virus (TYMV) genomic ENA has been studied by nuclear magnetic reso­
nance (NME) spectroscopy, Eesonance assignment and the gathering of restraints of the 
44-mer are impeded by spectral complexity as well as by line broadening. The latter is 
caused by local dynamical effects in the pseudoknot domain in the molecule. These spe­
cific problems could be solved by using different field strengths and selectively 13C /15N 
labeled samples. Experiments for assigning the sugar spin systems were adjusted to sat­
isfy the requirements of this system. Furthermore, the quality of the structure could be 
improved by determining the backbone torsion angles ß, 7  and e, using new approaches 
that were tailored for the use in large ENA molecules.
M .H. Kolk, S.S. W ijm enga, H .A. Heus an d  C .W . H ilbers, J. B iom ol. N M R  12, 423-433 (1998)
56 C hapter 4
In trod uc tion
RXA pseudoknots have been identified in many classes of RXA and have been shown 
to play important roles in replication initiation, frame-shifting, translational control and 
core formation in catalytic RXAs (Ten Dam e.t a l, 1992; Pleij, 1994), This distinct RXA 
folding motif typically involves base-paring of residues in a hairpin loop with single­
stranded nucleotides outside that loop. It was first discovered at the 3' terminus of the 
genomic RXA of turnip yellow mosaic virus (TYMV) (Rietveld e.t al., 1982), Like in 
many other plant viruses containing positive strand RXA genomes, this segment contains 
a tRXA-like structure which is recognized by the viral replicase as well as by several 
tRXA-specific enzymes (Hall, 1979; Mans e.t a l,  1991), On the basis of these functional 
properties and biochemical data obtained for the secondary structure, it was proposed 
that a pseudoknot plays a key role in folding the domain into an L-shaped molecule that 
closely resembles the overall shape of tRXA (Florentz e.t a l,  1982; Rietveld e.t a l,  1982),
Recently, we have determined the three-dimensional structure of the 44 nucleotides 
long pseudoknotted arm of the tRXA-like structure in TYMV (denoted as pk44, see 
Figure 4,1) by means of high resolution XMR spectroscopy (Kolk e.t a l,  1998a), The
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like structure of T Y M V  RNA. Non-wild-type residues are given in lowercase.
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structure, which confirms the proposed secondary structure and provides a rationale for 
all available biochemical data, is highly resolved in all stem and loop regions, allowing a 
detailed description of a number of novel structural elements responsible for the stability 
and functionality of the pseudoknot. It also represents the first high resolution structure 
of an ENA pseudoknot determined to date, which allows for a considerable advance of 
our understanding of pseudoknots in general.
The system under study consists of three stem regions and comprises 44 nucleotides, 
which makes it a rather large ENA molecule to be investigated in detail by NME, 
Moreover, it contains several regions of local mobility leading to line broadening and 
unfavorable spectral overlap. Although modern assignment strategies and heteronuclear 
techniques have greatly extended the size of ENA molecules apt for structural eluci­
dation by NME (Nikonowicz & Pardi, 1993; Dieckmann & Feigon, 1997), only part 
of these are applicable to the present system. In particular for resonances relating to 
the sugar moieties many of the conventional assignment procedures fell short due to 
unsurmountable problems of overlap in all spectral dimensions.
In this chapter we present an overview of the approaches that we have undertaken to 
tackle these specific problems. They include the use of selective labeling of the molecule, 
employing different field strengths for the NME experiments and the use of tailor-made 
experiments to obtain connectivities in the sugar regions. Furthermore, we describe 
several new applications of 2D and 3D heteronuclear NME experiments that can be used 
to determine torsion angle restraints, at least in a qualitative way, for ß, 7  and e, which 
otherwise have to be left mostly unconstrained in structure calculations of larger ENA 
molecules. All of these approaches are applicable to other systems of similar size and 
open the way towards the structure determination of even larger ENA molecules.
Results
Two major obstacles were encountered in the spectral assignment of the pk44 molecule. 
The first has to do with the spectral complexity caused by the 44 nucleotides present 
in the system. The second relates to the line broadening that is observed for many 
residues in the pseudoknotted region (i.e. residues 18-40), Eesonance identification 
for residues in the T-arm (residues 1-17) and the 3'-terminal tail (residues 41-44) only 
suffers from the first difficulty, as all nucleotides in this domain give rise to acceptable 
line-widths. Hence, standard methods (Nikonowicz & Pardi, 1993; Dieckmann & Feigon, 
1997) provided a nearly complete assignment for all of these nucleotides.
For other parts of the molecule the spectral assignment was more troublesome, and it 
took several adjustments of existing NME experiments to come to a full assignment. The
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severe overlap of the sugar carbons prompted for the development of HCCH experiments 
which combine the use of constant-time (CT) evolution in the 13C-dimension with a 
high transfer efficiency (vide infra). Also, a 3D (31P, 13C, 1H) correlation experiment 
was adapted so as to achieve optimal sensitivity for the present system. Finally, the 
structure could be improved appreciably by collecting torsion angle restraints using new 
approaches in experiments based on 31P-spin-eeho and on (1H, 1H) TOCSY transfer 
efficiencies. All of these experiments and their interpretation are discussed below.
R esonance assignm ents
T-arm and 3f A C C A  tail: Nearly complete assignment was possible for these regions 
using homonuclear 2D NOESY and “ C - ^  3D NOESY-HMQC/HMQC-NOESY (Ikura 
et al., 1990) experiments, all performed at 750 MHz, Sequential connectivities were 
established without discontinuities for all of these nucleotides following a standard 
anomeric to aromatic proton walk (Wijmenga et a l ,  1993), The only distinctive de­
viation from the A-helical pattern of NOE connectivities occurred around U7, which is 
involved in a well described U-turn, as found in the tENA anticodon loop (Quigley & 
Eich, 1976), Confirmation of part of the assignments was achieved by the identification 
of A- and U-related resonances of the selectively labeled samples. Furthermore, the U14 
imino proton could be connected to its H6 resonance via a 2D HNCCCH experiment 
(Simorre et a l ,  1995), and all adenosine H2 and H8 resonances in the molecule could be 
interconnected from a 3D HCCH-TOCSY experiment (Legault et a l ,  1994),
Pseudoknotted region: The relative straightforwardness of the assignment is interrupted 
when entering the pseudoknot domain of the molecule. The advancement of the sequen­
tial walk is hampered by severe overlap of proton and carbon resonances, in particular 
for residues in stem 2, Moreover, many of the resonances are broadened due to local 
mobility around this part of the molecule. Evidently, the effects of these motions are not 
confined to the dynamic residues, but also determine the line-shapes of resonances be­
longing to nearby residues. This phenomenon accounts for the line broadening observed 
in all stem and loop regions of the pseudoknot domain, as is rationalized further in the 
Discussion section.
The effect of conformational averaging is most pronounced for residues at the interface 
of stem 1 and 2, as has been illustrated earlier (Kolk et a l ,  1998a): residues A29 through 
G31, C20 and U36 all have resonances that are severely broadened at 750 MHz, Most 
of the assignments as well as the integration of the NOE cross-peaks belonging to these 
nucleotides were therefore carried out using spectra recorded at 400 MHz, in which 
the resonances narrow to acceptable line-widths. Line broadening of other residues 
in the pseudoknot domain is less prominent, but nevertheless contributes unfavorably
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to the assignment efficiency in ill-dispersed regions of the spectra. Therefore, the use 
of selectively labeled samples proved indispensable, in particular for the assignment of 
loop 1, which is composed primarily of uridines. Residues U22 through U25 could 
only be assigned from doubly X-filtered 2D NOESY (Folmer et a l ,  1995), 3D NOESY- 
HMQC and 3D PCH experiments performed on a 13C /15N U-enriched sample. The 
PCH experiment, which yielded P-C4/-H4' connectivities, proceeded roughly analogous 
to the P(CC)H-TOCSY experiment (Wijmenga et a l ,  1995), but included gradient 
enhancement (Kay et a l ,  1992) and concatenated CT and INEPT steps for the 31P and 
13C dimensions. Subsequent transfer of the C4' to the C l' and HI' resonances, as in the 
P(CC)H-TOCSY, unfavorably affected the sensitivity of the experiment. Therefore, the 
13C-13C DIPSI period was omitted and the H4' and HI' resonances were interconnected 
in a separate 2D CT (H)C(C)H-TOCSY (Bax et a l ,  1990), in which 1H<h>13C coherence 
transfer was achieved using hetero-TOCSY steps.
Assignment of G- and C-residues in the pseudoknot domain, which are present almost 
exclusively in the stem regions and show considerable resonance overlap, was done 
after all other resonances had been identified. Close comparison of homonuclear 2D 
NOESY and TOCSY spectra with 13C-edited 3D NOESY and TOCSY data on the 
uniformly labeled pk44 yielded a complete sequential connectivity pattern which included 
all aromatic and HI' resonances, and part of the H2' and H3' resonances. Subsequently, 
part of the remaining sugar spin systems could be assigned from 3D and 2D (CT) HCCH- 
TOCSY experiments. In many cases the latter approach failed, however, because of the 
poor dispersion in the 13C dimension, which is of particular nuisance in 3D experiments 
with a limited number of data points for the indirect dimensions. Ideally, a 3D HCCH 
TOCSY experiment would be preferred with a constant-time 13C-evolution, However, 
the lengthy CT delay of 25 ms in addition to the 13C-13C DIPSI period (about 20 ms) 
makes this experiment very insensitive and essentially useless for this system, even when 
gradient enhancement is used for the 13C-dimension,
Recently, the use of constant-time evoluted HMQC experiments was reported dur­
ing the preparation of this manuscript (Marino et al., 1997), Owing to the favorable 
relaxation properties of multiple-quantum coherences, this approach can significantly 
enhance sensitivity in some heteronuclear experiments, provided that proton-proton cou­
pling, which then becomes active during the CT delay, does not cancel this effect. An 
additional caveat concerning this method is that, for dynamical molecules such as pk44, 
the effect of proton exchange-broadening may exceed that of relaxation, since the former 
affects multiple-quantum Hx,yCx,y coherences, but not HzCx,y antiphase coherences as 
in a regular CT-HSQC experiment. It therefore remains to be established whether the 
application of this method in the afore-mentioned 3D CT HCCH-TOCSY could make 
this experiment work for large RNA molecules.
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Figure 4 Pulse sequences for the SD CT-HC(C)H correlation (A) and the 3 1 P spin-echo 
difference CT-HCCH experiment (B). Narrow and wide bars denote 9(F and 18CP pulses, re­
spectively. All pulses are along the x-axis, except when indicated otherwise. 13 G offsets were 
at 77.2 ppm. A: The sequence as depicted correlates H&, C1' and H I1. The 'Relay' step can 
be omitted so as to establish vicinal connectivities. Proton refocusing element 'Ref' and fre­
quency labeling period Q may be interchanged (see text), provided that the Kay-enhancement 
sequence (Kay et al., 1992) is replaced by a refocusing IN E P T step. This corresponds to the 
3 1 P-decoupled SD version of experiment B. cßi=x,x,-x,-x, <f>2 =x,-x, acq.=x,-x,-x,x. For each in­
crement (j)3 , which is along the y-axis, was inverted simultaneously with the sign of the final 
gradient in order to achieve N- and P-type coherence selection. Transfer delays: t\=1.64 ms, 
A =2.9 ms, 5=5.5 ms, t-2 = 1 - 4 8  ms, T=16.5 ms and e= l ms. Gradients g\ through g±, all 
500 fis long, had values of 4 8 , 4&- 4$ and 24-6 G/cm , respectively. B: Two experiments were 
recorded in an interleaved manner with the 31P  ISO3 pulse at position (1) or (2), corresponding 
to the decoupled and coupled spectrum,, respectively. Phase cycling was identical to the previ­
ous sequence. The transfer delays, optimized for //./ —r ^  C l1 —» H I’, were: t\= 1.65 ms, 
T=14-5 ms, A =5.8 ms and t-2 = 1 - 4 8  ms. Gradients g\ through <74 all had durations of 500 fis 
at 4 8  G/cm . Quadrature detection in t\ was achieved using the States-TP P I method (Marion 
ot al., 1989).
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Here, we have utilized the high magnetization transfer efficiency of HCCH-COSY 
type of experiments (Pardi & Nikonowicz, 1992), which relieves much of the sensitivity 
problem. For the present purposes, the 3D HCCH correlation experiment (Kay et a l ,  
1990) was carried out with CT 13C-evolution (in a way similar to that described in 
Ikura et al. (1991a), see Figure 4,2), Coherence transfer to HI' proceeds from H2', or 
can be relayed from H3' with the incorporation of a relay step (Figure 4,2A), Carbon 
evolution can be executed at the C2'/C3' or C l' antiphase coherence level, the latter 
approach allowing for gradient sensitivity enhancement in the carbon dimension. Using 
the experiment of Figure 4.2A, the H3' resonances could be identified starting from the 
well-dispersed H1'-C1' crosspeaks, after which the exact C3' chemical shifts could be 
determined from a separate 2D CT (H)C(C)H-TOCSY experiment, H2' resonances were 
assigned from a similar experiment in which the relay step was omitted and 13 C frequency 
labeling was performed prior to coherence transfer to the Cl's, which connects the desired 
H2' and C2' chemical shifts to the previously assigned Hi's, It has the concomitant 
advantage of identifying all Hl'-C2' crosspeaks that are of use in determining the torsion 
angle e, which is described in the following section,
A similar approach was employed using a 3D CT HCCH correlation experiment 
for the assignment of the H5' and H5" resonances, starting from 11 l'-( ' I' crosspeaks. 
The latter are remarkably well dispersed and could therefore largely be identified from 
intra-residue NOEs to H8/H6/H1' resonances in 3D NOESY-HMQC/HMQC-NOESY 
experiments. The assignments of the H4' and C4' resonances were verified in 2D and 3D 
HCCH-TOCSY experiments.
Torsion angle restraints
Large difficulties arise when trying to assess the backbone torsion angles in large ENA 
molecules, Conformationallv relevant J-eouplings can be accurately determined from 
direct measurement of resonance splittings in E.COSY or P.E.COSY type of experiments 
(Wijmenga et a l ,  1993), but this method relies heavily on the dispersion and line- 
widths of the resonances involved. For molecules larger than about 25 nucleotides, both 
resonance overlap and unfavorable line shapes hamper the determination of J-eouplings 
using these methods. For the pk44 molecule the measurement of resonance splittings is 
altogether impossible and other approaches had to be taken for the determination of the 
sugar pucker and the backbone torsion angles ß,  j  and e.
Sugar puckers:  For the sugar pucker conformation, the HI' to H2' J-eoupling serves 
as the most direct determinant (Wijmenga et a l ,  1993), All 3J(H1',H2')s could be 
evaluated in a qualitative way from 1H-1H TOCSY-tvpe of experiments (2D TOCSY, 
TOCSY-HMQC, TOCSY-CT-HSQC). Very weak or strong TOCSY Hl'-H2' erosspeaks
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correspond to pure N- or S-type conformations, respectively. Intermediate intensities 
indicate an equilibrium between these states which can not be entered as a restraint in 
any conventional structure calculation protocol. Time-averaged protocols (Yao et a l ,  
1997) are better equipped for this, and should be the method of choice if the overall 
structure depends significantly on the sugar conformation of an individual residue. Such 
is clearly not the case for pk44, as was ascertained by executing additional simulated 
annealing (SA) runs for each residue with intermediate TOCSY Hl'-H2' crosspeaks 
in which the respective sugar puckers were set to either N- or S-type, This did not 
noticeably alter the overall conformation of the molecule.
The angles ß  and e: Backbone torsion angles ß  and e can in principle be derived from 
both 3J(H,P) and 3J(C,P) coupling constants. Experiments yielding proton-phosphorus 
scalar couplings have been amply used to assess these angles before the current age of 
isotopieallv labeled ENA (Varani & Tinoco, 1991; Wijmenga et a l ,  1993; Blommers 
et a l ,  1994), For reasons explained earlier, this is an impractical method for large ENA 
molecules. Introduction of 13C-nuelei in the ribose moieties can be used to disperse the 
multiplets along the carbon axis, as is discussed in Schwalbe et a l  (1994) and Varani 
et a l  (1995), Moreover, 3J(C,P) values can now be obtained from P-FIDS-CT-HSQC 
(Schwalbe et a l ,  1994) or 31P spin-echo difference CT-HSQC (Vuister et a l ,  1993; 
Legault et a l ,  1995), Practically, the latter method is preferred for larger molecules, 
since it does not rely on proton or carbon line widths for an accurate measurement 
of the J-eouplings, as long as the crosspeaks are reasonably well resolved. Evidently, 
it only yields the 3J(C,P) coupling constants, and a somewhat higher precision in the 
determination of ß  and e may be obtained for smaller molecules using the P-FIDS-CT- 
HSQC experiment, which produces both (H,P) and (C,P) scalar couplings.
As has been described by Legault et a l  (1995), the spin-echo difference CT-HSQC al­
lows for an accurate measurement of 3J(C2',P) and 3J(C4',P), Experiments were recorded 
with constant time delays equaling 1/Jcc  and 2/ J cc , the latter proving less informative 
due to a poor signal to noise ratio. The former experiment typically produced the cou­
pling constants with an accuracy of about 0,5 Hz, There are, however, two problems 
concerning this method. Firstly, the measured value for 3J(C4',P) is in fact the combined 
effect of the 31P3/ and the 31P5/ scalar coupling to each C4', Secondly, the determination 
of 3J(C2',P) is hampered by the severe overlap of the H2'-C2' erosspeaks. As a conse­
quence, only a small fraction of these couplings could be evaluated in a regular spin-echo 
difference CT-HSQC experiment.
The latter problem can be solved via an extension to the CT-HSQC experiment, 31P- 
modulated antiphase C2' coherence can be transferred to C l' in a spin echo difference 
CT-HCCH correlation experiment, as is depicted in Figure 1.215. Analogously to the 
procedure in the spin-echo CT-HSQC experiment, 31P-modulation can then be mea-
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Figure 4-3  Contour plot of the uncoupled i lP spin-echo difference CT-HCCH spectrum of 
uniformly 1 3  C /l°N-labeled pk44* recorded with the pulse sequence given in Figure 4-2B. Water 
suppression was achieved by low-power saturation of the residual HD 0  peak during the relaxation 
delay of 1 s. H i'-O f crosspeaks are labeled by their corresponding residue number. Unlabeled 
peaks are caused by degradation products. The spectrum was acquired at 600 MHz with spectral 
widths of 5285 and 6000 Hz for the u)\ and u d i m e n s i o n  , respectively. For each of the I 4 8  
increments 2 4 O scans were recorded .
sured from H1/-C2' crosspeaks which are far better resolved than the H2'-C2's (Figure 
4,3), The concatenation of constant time and refocusing delays makes this experiment 
sensitive enough to be also recorded as a 3D experiment, in which the Hl'-C2' crosspeaks 
may be dispersed along the H2' or C l' dimension.
Using these different spin-echo difference methods on uniformly and selectively labeled 
samples, the 3J(C2',P) coupling constants could be determined for most residues, with 
values ranging from 0 to 5 Hz, In principle, the non-bijective nature of the Karplus 
curve (Wijmenga e.t a l, 1993) prevents a definitive determination of the corresponding
6-angles from these data alone. Fortunately, e has a rather restricted habitat within the 
conformational wheel, and is in practice confined to the 180-300° range (Saenger, 1984), 
This leaves a nearly one-to-one correlation between the 3J(C2',P) value and the torsion 
angle e, which could therefore be established for most of the residues in the molecule 
(see Table 4,1),
The evaluation of e offers a possibility to circumvent the ambiguity problem con­
cerning the determination of the 3J(C4',P) coupling constant. Knowing e, the value for 
3.I(C 1'.P../ ) can be calculated from the corresponding Karplus equation (Wijmenga e.t a l.
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1993), Subsequently, a correction factor CF3/ can be computed:
CF3/ =  l/c O s (7 T  X 3 J c 4'P 3, X T) 
where T is the total constant time period. Then:
3 cos-1(R x CF3/ 
JC4'P,, — -----------------------
7T X T
in which E denotes the ratio of intensities of a particular II l'-Ü I' crosspeak in the coupled 
and uncoupled spectrum, respectively. Most of the values for E could be obtained from 
spin-echo difference CT-HSQC experiments owing to the favorable resolution of the H4'- 
C4' crosspeaks. For some helical residues of which these peaks are overlapping, the ratio 
could be obtained from Hl'-C4' crosspeaks in spin-echo difference 2D CT-HCCH-DIPSI 
spectra. This experiment, in which the homonuclear DIPSI period was optimized for C4' 
to C l' coherence transfer, proceeds analogously to the 31P-modulated HCCH correlation 
experiment.
The 3J(C4',P5/) coupling constants thus calculated ranged from 2 to 12 Hz, This 
covers the entire area of 90 to 270° that is typically occupied by the angle ß  (Saenger, 
1984), However, the majority of determined scalar couplings amount to about 11 Hz 
corresponding to the ß l regime, which reflects the presence of an A-helical rotameric 
state. Values for 3J(C4',P5/) deviating from this class indicated the presence of a ±oc 
ß  angle. This ambiguity could be solved by iteratively entering the possible solutions 
into the structure calculation protocol in order to make out which value best fitted all 
other experimental data. If no discernible preference for either of the two possibilities 
was observed, the particular angle was eventually left unrestrained.
The angle 7 : Highly degenerate proton and carbon chemical shifts and unfavorable 
line-widths obstruct the measurement of the 7 -related 3J(H4',H5') and 3J(H4',H5") cou­
pling constants from an HCCH-E.COSY (Griesinger & Eggenberger, 1992) or any other 
COSY-tvpe experiment. However, an estimate of these couplings can also be derived 
from (1H,1H) TOCSY-based experiments, as has been shown for a homonuclear TOCSY- 
NOESY (Wijmenga et a l , 1994), For our purposes, a TOCSY-CT-HSQC was executed 
so as to profit from the C4' dispersion. The advantage of this method is that it produces 
in-phase H4'-H5'/H5" crosspeaks whose intensities are dependent on 7 , At a mixing time 
of 40 ms the coherence transfer is poor for 7 + but rather efficient for 7 * conformations 
(and for 7 “ , which in practice does not occur (Saenger, 1984)), irrespective of the sugar 
pucker (Wijmenga et al., 1994), This procedure therefore serves as a monitor for a qual­
itative discrimination of 7 + and 7 * oriented residues (see Figure 4,4), Interestingly, two 
nucleotides in the pk44 molecule were found to have the rather exotic 7 * conformation: 
U22, which is discussed below, and A44, which is very mobile and apparently adopts 
different orientations that are in rapid equilibrium.
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Figure 4-4 Strips taken from a 600 MHz 3D TOCSY-HSQC, using constant time evolution 
and gradient enhancement for the 13 G-dimension, performed on the U-labeled pk44• Strips were 
cut at the appropriate Cl¡ plane (F-¿) and chemical shift (F%) of the uridine residues, as 
numbered at the bottom. Crosspeaks to the H 3s are strong in case of N-type sugar puckers, 
and weak for S-type puckers. Transfer to the H5'/H5" protons (boxed), indicative of a j 1' 
conformation at the employed TO C SY mixing time of 40 ms, is observed for U22. Spectral 
widths of 969 and 4045 Hz were used for F\ and F¿, recording 60 and 92 complex increments, 
respectively, to a final experiment time of 30 hrs. States-TP P I phase-cycling was used in F\.
Discussion 
Structural aspects
The presented procedure for resonance assignment and restraint collection permits the 
determination of a solution structure that is resolved at an atomic level for large RXA 
molecules. An overview of the calculated structure of the TYMV pseudoknot has been 
given previously (Kolk e.t al., 1998a). Due to the elongated shape of the molecule the 
2.1 Â overall rmsd found for the molecule obscures the local structural resolution that 
was obtained for its subdomains. Local rmsd’s ranged from 0.7 Â for the T-loop to 1.4 Â 
for loop 1.
The described methods for the determination of torsion angles provide a substantial 
contribution to the set of restraints derived from standard methods. Moreover, they 
deliver direct experimental evidence for some structural properties that follow from the 
structure calculations. As a clear example hereof serve the deviating torsion angles that
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Figure  ^.5 R epresenta tion  o f the interphosphate distances observed in  helical R N A  (left) and  
fo r  residue U22 (right). The backbone around this nucleotide is fu lly  extended through an S-type  
sugar conform ation and a j-a n g le  in  the tra n s  region.
were determined for residue U22, This residue is located in the major groove of stem 
2 and spans most of the distance between stem 1 and stem 2 (see Figure 4,1), For 
this purpose U22 has to be fully extended, thereby maximizing the distance between 
the phosphates at both sides of the nucleotide. This distance is generally about 6 Â for 
residues in an A-type helix, and about 7 Â in case of an S-type sugar pucker, U22 attains 
a value as high as 7,4 Â via a combination of an S-type sugar pucker and an unusual 
7- trans  conformation (see Figure 4,5), both of which were confirmed experimentally.
In retrospect, the major obstacles for the structure calculation of pk44 relate more to 
the problems of resonance broadening than to its mere size. The effects of conformational 
averaging are mostly centered around the junction site of the pseudoknot. This particular 
location constitutes the nexus of the pseudoknot’s helical realm to both loop 1 and loop 
2, This is reflected by the helical twist between the A29-U36 and G30-C20 base-pairs, 
which is increased by 20° to an angle of 52° in order to accommodate the negatively 
charged C20-p-C21 and A35-p-U36 phosphate groups. As a consequence, the base 
moieties of C20 and U36 are no longer in a stacked orientation, as is the case in a regular 
A-helix,
As has been argued by Wijmenga e.t a l  (1997), ring-current effects are by far the 
most important determinants of chemical shifts in nucleic acids, which accounts, for 
instance, for the unusually high value of 6,3 ppm for the U36 H5 resonance. By the 
same argument, even minute alterations in the relative orientations of stems 1 and 2 will 
influence the line shapes of related resonances in a manner depending on the time scale 
at which they take place. As has been pointed out, resonance line widths of A29 through 
G31, C20 and U36 correlate strongly to the field strength in the 400 to 750 MHz range.
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This is a clear indication of mutual flexibility of stem 1 and 2, taking place at a time 
scale of the order of milliseconds, which appears to be a rather common exchange rate 
in ENA molecules.
The amplitudes of these internal motions are difficult to determine exactly, due to 
the limited simulation times of the TAD and SA protocols, which are in the picosecond 
rather than the millisecond range. Hence, some of the displacements may not show 
up in the final ensemble of structures, and the local rmsd of 0,3 A that is observed 
for the residues at the junction (i.e. C20, A29, G30 and U36) may underestimate the 
true distribution of conformations in that area. Nevertheless, high-amplitude motions 
are improbable considering the intrinsically consistent set of NOEs that was collected 
for this region. Furthermore, it could be verified that even small dislocations of the 
bases can have significant effects on relating chemical shifts using the in-house written 
program NUCHEMICS (Wijmenga et al., 1997), This chemical shift calculation software 
was originally written for DNA but was reparametrized for ENA, Chemical shifts were 
calculated for the final ensemble of 10 structures including only the helical residues 
near the junction site. Consequently, the chemical shift differences induced by proximal 
single-stranded residues were disregarded so as to monitor exclusively the mutual effects 
of the stem regions. The results indicated a spread in chemical shifts of 0,2-0,3 ppm for 
the relating resonances within the set of structures (data not shown). At a millisecond 
exchange rate this chemical shift difference convincingly explains the line broadening 
observed in the NME spectra.
Evaluation of torsion angles
The described approach for the determination of torsion angles ß,  7  and e relies on 
a few assumptions. Most importantly, it is postulated that these angles are always 
within the mentioned ranges. For e, it is generally accepted that the gauche+ region is 
stereo-ehemieallv forbidden, but conformations somewhat beyond the peripheries of the 
canonical domain of 180-270° can not be ruled out conclusively. The same holds true for
7 -angles in the g-  region. Such conformations are very unorthodox, however, and are 
rarely, if ever, observed in ENA, Furthermore, they are expected to reveal themselves 
in deviating chemical shifts and NOE connectivities. Therefore, these angles were only 
used as a supplement to the NOE restraints dominating the structure, and were found 
to refine rather than distort the ’NOE-only’ structure of the molecule,
A similar argument is valid for the error bounds that were taken into account. Ob­
viously, the angle restraints are most influential for residues that are least confined in 
motion by distance restraints, such as U22, A very limited number of NOEs is observed 
for this residue, and one might question the validity of the experimentally derived torsion
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angles for a mobile residue. However, the exchange rate for this residue is rather slow, 
considering its broadened resonances, and the observed deviating sugar pucker (almost 
entirely of the S-type) and chemical shifts (in particular for sugar XH and 13C resonances) 
indicate the presence of one major conformation and do not support a large conforma­
tional freedom for this residue. It is therefore concluded that the applied 20-30° bounds 
for the determined backbone torsion angles, which account for experimental errors, also 
allow for sufficient conformational uncertainty to account for the mobility of this and 
similar residues. Clearly, this approach is not valid for distinctly flexible nucleotides 
such as A44, whose small line-widths and inconsistent NOEs indicate an averaging of a 
wide range of conformations. Consequently, the torsion angles for this residue were left 
unconstrained.
In summary, the procedure that we have currently exploited to derive backbone tor­
sion angle restraints is able to deal with most of the problems invariably connected to 
large ENA molecules: a considerable degree of line broadening and resonance overlap. 
It does not aim to reach a very high precision, as do other methods that have been 
previously reported (Schwalbe et a l ,  1994; Sich et a l ,  1997), but rather at feasibility 
for systems with complexities that are well beyond the level of an ENA hairpin, A sim­
ilar semi-quantitative approach for the determination of backbone torsion-angles, using 
13C-edited 31P-1H HETCOE and hetero-TOCSY experiments, has been described earlier 
(Varani et a l ,  1995; Varani et a l ,  1996), but these methods turned out less useful for 
the present system, mainly due to problems of sensitivity. Moreover, it is argued that a 
very precise determination of torsion angles is often unrealistic in regions for which few 
NOEs have been collected, since this is likely to be the result of dynamical effects.
M aterials and m ethods
Sample Preparation: Four different ENA samples were prepared as described earlier 
(Kolk et a l ,  1998a): an unlabeled sample, a sample that was uniformly labeled with 
13C /15N, and two samples that were selectively labeled at either the adenosine or the uri­
dine positions. Structure probing experiments revealed that the stability of the pseudo­
knot structure depends on the presence of Mg2+ (Van Belkum et a l ,  1989), All purified 
ENA samples were therefore dialyzed in a 10 mM MgCl2 solution at pH 6,7 and subse­
quently concentrated with a Centricon microconcentrator to final ENA concentrations 
of 1 to 2,5 mM,
N M R  Spectroscopy: NME experiments were performed on Varian Unitv+ 500 and 750, 
and on Bruker AM 400 and AMX/DEX 600 spectrometers. Spectra were recorded at
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15°C for experiments relating to exchangeable proton resonances, and at 30°C for all 
other experiments. No significant changes in chemical shifts are observed throughout the 
5° to 40°C range. Resonance assignment and restraint collection were established from 
experiments as described (Kolk et a l ,  1998a), Additional experiments are discussed in 
the results section.
Structure Calculations: All structure calculations were performed on a Silicon Graphics 
02 workstation using X-PLOR version 3,851 (Brünger, 1992), They include a torsion 
angle dynamics protocol (TAD, Stein et a l  (1997)) followed by rounds of simulated an­
nealing (SA) and restrained conjugate gradient energy minimization (Kolk et a l ,  1998a), 
Coordinates of the final ensemble of structures have been deposited in the Protein Data 
Bank under accession code 1A60,
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Table 4-1 E xperim enta l backbone torsion angle restraints used in  the structure calculation o f  
the T Y M V  pseudoknot. The values fo r  ß , 7 , the sugar pucker P  and  e were determ ined as 
described in  the text. The angles a  and Ç were set to exclude the tran s  conform ation w henever 
the 31P  chemical sh ift resided in  the regular A -helical region.
a ß 7 p £ <
G l 54±30 0±120
G2 0±120 180±30 54±30 N 230±20 0±120
G3 0±120 54±30 N 225±20 0±120
A4 0±120 180±30 54±30 N 215±20 0±120
G5 0±120 54±30 N 220±20 0±120
C6 0±120 220±30 54±30 N 215±20 0±120
U7
0±120 180±30 54±30 N 240±20
C8 215±30 54±30 215±20 0±120
A9 0±120 180±30 54±30 N 220±20 0±120
AIO 0±120 180±30 54±30 N 235±20 0±120
C l l 0±120 180±40 54±30 N 205±20 0±120
U12 0±120 150±30 54±30 N 235±20 0±120
C13 0±120 165±30 54±30 N 220±20 0±120
U14 0±120 180±20 54±30 N 220±20 0±120
C15 0±120 54±30 N 205±20 0±120
C16 0±120 54±30 N 205±20 0±120
C17 0±120 54±30 N 0±120
C18 0±120 54±30 N 0±120
C19 0±120 54±30 N 0±120
C20 0±120 54±30 N 0±120
C21 0±120 N 0±120
U22 0±120 230±30 180±30 S 230±30 0±120
U23 0±120 180±30 54±30 N 255±20 0±120
U24 0±120 145±30 54±30 N 240±20 0±120
U25 0±120 180±30 54±30 N 230±20 0±120
C26 0±120 54±30 N 0±120
C27 0±120 N 0±120
G28 0±120 54±30 N 220±30 0±120
A29 0±120 150±30 54±30 N 200±20 0±120
G30 0±120 54±30 N 205±20 0±120
G31 0±120 54±30 N 205±20 0±120
G32 0±120 54±30 N 205±20 0±120
U33 0±120 180±30 54±30 S 245±20 0±120
C34 0±120 N 205±20 0±120
A35 0±120 150±30 54±30 S 235±20 0±120
U36 0±120 120±30 54±30 N 230±20 0±120
C37 0±120 54±30 N 0±120
G38 0±120 54±30 N 0±120
G39 0±120 54±30 N 0±120
A40 0±120 180±30 54±30 N 210±20 0±120
A41 0±120 180±30 54±30 N 240±20 0±120
C42 0±120 180±30 54±30 N 225±20 0±120
C43 0±120 180±30 54±30 N 245±20
A44
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Table 4.2 Chemical sh ifts o f proton and carbon resonances relative to T S P  in the T Y M V  
pseudoknot.
H 8/H 6 H 2/H 5 H1' H2' H3' H4' H 5 '/H 5 " im /a m
G l 8.03 n .a .° 5.65 4.50 4.12 4.23 4.07/3.99 12.56
G2 7.49 n.a. 5.88 4.60 4.50 4.31 4.20/4.15 12.64
G3 7.24 n.a. 5.77 4.50 4.09 4.19 4.10/4.08 12.22
A4 7.68 7.52 5.96 4.57 4.53 4.54 4.28/4.11
G5 7.00 n.a. 5.63 4.43 4.40 4.18 4.18/4.07 13.33
C6 7.48 5.11 5.64 4.17 4.42 4.32 4.32/4.17
U7
7.89 5.82 5.88 4.35 4.65 4.38 4.14/4.13
C8 7.74 5.76 5.50 4.43 4.30 4.29 4.08/3.98
A9 8.05 7.86 6.02 4.67 4.87 4.39 4.30/4.26
AIO 7.66 8.04 5.36 4.35 4.52 4.49 4.35/4.33
C l l 7.29 5.43 5.36 4.14 4.33 4.35 4.11/4.06
U12 7.78 5.70 5.74 4.38 4.65 4.52 4.17/4.10
C13 8.01 5.82 5.56 4.37 4.65 4.45 4.18/4.12 8.44/7.15
U14 8.13 5.50 5.59 4.46 4.65 4.48 4.59/4.18 14.32
C15 8.01 5.65 5.64 4.29 4.55 4.44 4.18/4.11 8.39/6.93
C16 7.88 5.45 5.47 4.44 4.47 4.43 4.12/4.09 8.49/6.85
C17 7.80 5.45 5.85 4.55 4.45 4.42 4.20/4.08 8.64/6.84
C18 7.59 5.84 5.59 4.93 4.38 4.39 4.16/4.06 8.84/6.85
C19 8.02 5.92 5.92 4.37 4.50 4.37 4.17/4.13 8.01/6.97
C20 7.43 5.23 5.52 4.11 4.43 4.37 4.19/4.10 8.68/6.84
C21 7.86 5.61 5.81 3.99 4.22 4.346 4.12/4.096
U22 7.58 5.54 5.92 5.05 4.95 4.44 4.23/4.14
U23 7.95 5.79 5.74 4.46 4.62 4.53 4.37/4.16
U24 8.04 5.95 6.03 4.44 4.55 4.58 4.31/4.25
U25 7.76 5.79 5.69 4.55 4.71 4.49 4.33/4.16 13.93
C26 7.96 5.57 5.56 4.46 4.30 4.41 4.12/4.126 8.29/6.86
C27 7.77 5.91 5.93 4.436 4.21 4.366 4.10/4.106 8.33/6.92
G28 7.70 n.a. 5.64 4.50 4.50 4.43 4.12/4.126 11.99
A29 8.23 7.64 5.97 4.66 4.46 4.45 4.44/4.44
G 30 6.92 n.a. 5.45 4.33 3.99 4.42 4.38/4.32 12.60
G31 6.83 n.a. 5.85 4.41 4.55 4.34 4.03/3.90 13.36
G 32 7.64 n.a. 5.71 4.04 4.18 4.34 4.11/4.11 12.35
U33 7.76 5.47 5.79 4.29 4.60 4.39 4.38/4.23
C34 7.94 6.14 6.20 4.42 4.28 4.65 4.22/4.17
A35 8.54 8.38 5.99 5.08 4.86 4.47 3.97/3.87
U36 7.35 6.29 5.83 4.67 4.49 4.47 3.95/3.95 14.59
C37 7.69 5.63 5.64 4.81 n .d .c 4.35 n .d ./n .d . 8.00/6.49
G 38 7.63 n.a. 5.88 4.81 4.59 4.25 4.16/4.09 12.44
G 39 7.30 n.a. 5.65 4.486 4.276 4.40 4.13/4.06 12.40
A40 7.65 7.27 5.84 4.48 4.58 4.47 4.09/4.07
A41 7.57 7.74 5.83 4.27 4.42 4.41 4.08/4.03
C42 7.32 5.25 5.42 4.08 4.24 4.23 4.08/4.01
C43 7.55 5.59 5.60 4.47 4.40 4.14 4.03/3.95
A44 8.31 8.07 5.99 4.51 4.41 4.27 4.16/4.05
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Table 4 (continued)
C 8/C 6 C 2/C 5 C l ' C2' C3' C4' C5'
G l 142.1 n.a.° 92.7 74.9 72.0 82.5 65.4
G2 141.4 n.a. 91.9 75.7 72.4 82.3 66.1
G3 141.2 n.a. 92.2 76.1 72.3 84.7 66.0
A4 139.1 153.7 92.2 75.0 72.0 81.2 65.8
G5 136.1 n.a. 92.2 74.8 71.8 85.7 65.4
C6 141.7 96.5 93.1 76.0 71.8 82.2 64.0
U7
143.7 104.5 92.4 75.8 73.5 83.1 65.5
C8 143.1 97.7 93.4 75.1 72.5 82.3 64.2
A9 141.1 154.9 91.4 75.4 73.3 82.4 66.0
AIO 140.0 154.9 91.5 75.0 73.6 82.9 66.2
C l l 140.8 97.0 93.0 75.5 72.3 81.9 62.2
U12 142.8 105.0 92.1 74.7 75.0 84.1 66.6
C13 142.1 97.7 94.1 74.9 71.7 81.9 65.2
U14 143.1 103.1 93.3 74.8 71.6 81.6 63.9
C15 142.1 96.7 93.1 75.1 71.8 81.3 65.4
C16 141.8 97.2 93.4 74.9 72.2 81.3 64.0
C17 141.3 97.2 93.4 75.5 71.7 81.3 63.8
C18 144.9 98.5 94.1 75.7 70.8 84.0 66.9
C19 142.1 98.5 92.3 75.9 72.0 86.3 66.9
C20 141.4 97.1 94.3 74.3 71.5 83.6 64.2
C21 141.8 96.7 91.7 75.4 72.2 82.7b 65.46
U22 145.7 104.7 94.3 83.0 79.1 86.0 67.0
U23 144.1 105.2 93.3 74.8 72.4 82.0 63.3
U24 143.8 104.5 90.2 75.8 72.3 85.1 67.0
U25 143.6 105.0 92.7 74.8 73.3 83.0 65.3
C26 142.4 96.6 93.4 74.8 72.8 81.3 65.2b
C27 142.3 98.5 95.8 78.96 72.0 83.96 66.9s
G28 143.0 n.a. 93.36 74.9 72.0 81.2 65.36
A29 141.1 153.9 90.5 75.5 72.0 83.4 66.0
G30 136.2 n.a. 92.2 75.4 75.8 83.0 64.8
G31 135.7 n.a. 91.96 75.1 72.3 85.8 64.4b
G 32 139.4 n.a. 85.7 76.7 71.5 84.0 65.0
U33 143.1 103.4 90.6 75.3 75.6 84.0 66.5
C34 142.1 99.5 90.0 75.9 72.16 84.6 67.6
A35 142.1 157.6 90.2 79.7 75.1 83.4 65.9
U36 145.5 107.1 88.7 77.4 74.9 83.4 67.8
C37 143.6 97.7 93.2 75.5b n.d. 86.8 n.d.
G38 142.4 n.a. 91.9 75.2b 71.8 84.2 66.0
G 39 136.1 n.a. 92.3 75.4b 71.96 81.3 64.36
A40 139.2 153.5 92.0 75.0 72.1 81.4 64.5
A41 139.0 154.4 91.7 75.5 72.4 81.8 64.4
C42 141.4 97.3 92.9 75.5 72.7 82.5 64.5
C43 142.1 97.7 91.7 75.7 71.6 82.4 65.4
A44 142.0 155.7 89.5 76.7 72.0 85.3 66.8
a Not applicable 
6 Tentative assignment 
c Not determined
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Structure of the 3'-Hairpin of the T Y M V  
Pseudoknot: Preform ation in R N A  Folding
Abstract
The solution structure of an ENA hairpin present in the pseudoknot which is found at 
the 3'-terminus of turnip yellow mosaic virus (TYMV) genomic ENA has been solved by 
nuclear magnetic resonance (NME) spectroscopy. The loop, which contains the sequence 
5'-GGGUCA-3', was found to be highly structured and, contrary to expectations, does 
not attain its stability through GA or GC base pair formation but by triple interactions 
between the tilted adenosine and the minor groove sides of the first two guanosines. 
Interestingly, a very similar conformation was found for the cognate pseudoknot, imply­
ing that the 3'-hairpin is preformed for folding into a pseudoknotted structure. These 
findings suggest a mechanism of ’predetermined-fit’ as a principle in ENA folding.
M.H. Kolk. M. van der Graaf, C.T.M. Fransen, S.S. Wijmenga, C.W.A. Pleij, H.A. Heus and 
C.W. Hilbers, EMBO J., in press
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In trod uc tion
Despite considerable progress in recent years, the number of high-resolution structures 
reported for RXA has remained very modest when compared to the preponderance of 
structures that have been determined for proteins, Nevertheless, it has already become 
clear that RNA structure can match that of any protein in complexity and versatility. 
Obviously, the building blocks of these two classes of biomolecules are markedly different. 
While proteins are constituted by two essential structural elements, «-helices and ß-  
strands, RNA structure is founded on only one principal component, the double helix. 
Typically, the strands within double helical stem regions are connected by loops, which 
can have various lengths and topologies, and some of which are highly structured.
Insight is presently accumulating that these loop domains in RNA can have functional 
as well as structural roles, A classical example of the first is the codon-anticodon 
interaction, and other examples that have been discovered more recently include the 
interactions between proteins or peptides and RNA loops (Puglisi e.t a l,  1992; Valegârd 
e.t a l, 1994; Oubridge e.t a l, 1994; Cai e.t a l,  1998; Legault e.t a l,  1998; Allain e.t a l,
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Figure 5.1 Secondary structures of the pseudoknotted domain found at the # -terminus of 
T Y M V  genomic RNA (left) and of the &-hairpin of the pseudoknot (right). Filled characters 
indicate the sequential coincidence of the two molecules. Non-wild-type residues are given in 
lower case.
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Figure 5.2  Schem atic  overview o f the two pathways tha t can fo rm a lly  be conceived fo r  11- 
type pseudoknot form ation . P seudoknotting  can fo rm a lly  proceed via a -hairpin (top) or via a 
5 '-hairpin in term ediate (bottom ).
1996; Battista et a l ,  1996), An example of a structural role played by RXA loops is the 
binding between GXRA tetraloops and their cognate tetraloop receptors, as was found 
for instance in the group I intron (Cate e.t a l ,  1996a),
Structurally essential loop regions are also found in RXA pseudoknots, a widely 
occurring motif in which the interaction between a loop and a distal single-stranded 
RXA region is the essential structural element. Recently, we have solved the XMR 
structure of a pseudoknot that is present in the tRXA-like structure at the 3'-terminus 
of TYMV genomic RXA (Kolk e.t a l ,  1998a), The structural role of the loops that are 
involved in pseudoknot formation is clearly different from the function of most other 
structurally relevant RXA loops, in that parts of these loops engage in Watson-Crick 
base pairing upon binding to the single-stranded nucleotides, while the remaining loop 
residues form a pseudoknot loop which may interact with its adjoining stem domain. 
In the TYMV pseudoknot, the loop spanning the minor groove interacts closely with 
the opposing helix, in particular through hydrogen bonds to a central adenosine. The 
delicate network of interactions around this key domain of the pseudoknot raises the 
question of how its constituents could bind and merge into one structural entity, in 
particular as compared to other examples of RXA loop binding, like the afore-mentioned 
binding of GXRA tetraloops.
Figure 5,1 shows that the triple-stranded region at the central domain of the pseudo­
knot, which is of the classical or H-type (see also Figure 5,2), is composed of a six- 
membered loop region (residues G30 through A35), called the 3'-hairpin loop, and a 
stretch of three cytidines (residues CIS through C20), which base pair to the first three
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guanosines of the loop to form stem 1 of the pseudoknot. Based on its sequence, the 
isolated 3'-hairpin loop could form a sheared GA base pair, as is observed in GNEA 
tetraloops (Heus & Pardi, 1991) and in pentaloops with a GNEA fold (Jucker & Pardi, 
1995) in boxB ENA (Cai et a l ,  1998; Legault et a l ,  1998), In fact, it has been suggested 
that any loop having a GNE(N)XA (x= 1.2.3...) consensus sequence (which includes 
that of the 3'-hairpin loop studied in the present chapter) may form such a GNEA fold 
(Abramovitz & Pyle, 1997; Legault et a l ,  1998), Alternatively, C13 could engage in a 
Watson-Crick base pair to one of the three guanosines in the loop.
Any of these base pair interactions in the 3'-hairpin loop is expected to significantly 
stabilize its structure. Because they are incompatible with the conformation of this site 
in the pseudoknot, they would need to be broken in order to enable the guanosines to 
interact with the triple-C sequence. The gain in free energy associated with pseudo­
knot formation would be reduced accordingly, leading to a destabilization of the intact 
pseudoknot. Hence, it is clear that the structure of the 3'-hairpin loop strongly affects 
the assembly and stability of the entire pseudoknotted fragment.
In order to address this matter, we solved the three-dimensional structure of the iso­
lated 3'-hairpin of the pseudoknot (see Figure 5,1) by NME spectroscopy. The sequence 
of this hairpin loop matches that of the corresponding region in the pseudoknot. The 
results indicate that neither GA nor GC base pairs are formed in the hairpin loop. 
Nevertheless, the loop residues maintain a high structural integrity through an atypical 
conformation that is largely similar to the structure in the cognate pseudoknot. These 
findings emphasize the importance of loop conformations for the association into higher 
order structures in ENA molecules.
Results
Because of the excellent dispersion of nearly all resonances of the 3'-hairpin molecule, 
their assignment was possible without the aid of isotopieallv enriched ENA (Table 5,2), 
Eesonance identification proceeded in a straightforward manner, starting with a canon­
ical anomeric to aromatic proton walk (Wijmenga et a l ,  1993), By this pattern of 
sequential NOEs, residues Gl through G il, and U12 through A23 could all be inter­
connected, All NOE connectivities agree with a regular helical conformation for the 
stem residues, and a propagation of the stacking pattern into the loop up to residue 
G10, Eesidues U12 and C13 also appear to stack in a normal fashion, but a number 
of irregular NOEs between A14 and U15, such as a connectivity between A14(H8) and 
U15(H1'), indicate an atypical conformation at this site. No NOEs are observed between 
G il and U12, indicating an interruption of the stacking pattern at this position. An
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XOE-based sequential walk through the loop of the molecule is depicted in Figure 5,3,
A total number of 351 XOE-derived distance restraints could be collected for the 
23-mer hairpin. The 141 inter-residue distance restraints that were collected for the 
stem region all supported an A-type helical conformation, 51 inter-residue restraints 
were obtained for the six loop residues and are schematized in Figure 5,4, A number of 
the latter are ;cross-strand\ connecting the H2 proton of A14 to A8 , G9 and G10, and 
indicative of A14 residing at the minor groove side of these latter residues. The kink 
in the backbone between G il and U12 is substantiated by an unusual long-range XOE 
connecting the H4' of G il and the H5 of C13,
Furthermore, several XOEs were observed from an exchangeable proton resonating 
at 6,64 ppm: to a somewhat broadened imino proton resonance, assigned to G9, to the 
H2 proton of A14, and to the HI' protons of A14 and U15, This resonance could be 
identified as the amino group of G9, since it was the only possible candidate of all amino 
and 2'-hydroxyl protons in the loop to make the observed connectivities. Entering these 
restraints into the structure calculation improved the local rmsd but did not noticeably
F2 (ppm)
Figure 5.3  D etail o f a 240 m s N O E S Y  spectrum  recorded at 400 M H z, showing the anom eric  
to arom atic proton region. Sequential H i ' -* H 8 /H 6  connectivities in  the loop from  A 8  through 
G i l  and from  C IS  through U15 are indicated by lines. Because o f overlapping H I ' resonances, 
U12 and C IS  are connected by a sequential H 6 H 5 N O E  (indicated by the arrow). The very  
unusual S '—>5' sequential H l'-H 8  N O E  between U15 and A 14 is boxed.
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Figure 5.4 Overview o f the in ter-residue N O E s (indicated by lines)  fo u n d  fo r  the loop region.
alter the average conformation.
Loop structure
The substantial amount of sequential and cross-strand distance restraints in both the 
stem and the loop region resulted in relatively high convergence rates in the structure 
calculations. More than half of the structures that were calculated starting from ran­
domly extended conformations had the correct loop structure, and about one third had 
few violations and low rmsd’s to the average structure. Figure 5,5 depicts an overlay 
of the ten best structures whose structural statistics are listed in Table 5,1, Structures 
deviating markedly from the mean did so at the expense of many large violations, which 
were scattered throughout the molecule. These results exclude any ambiguity with 
respect to the solution to the experimental data set.
As was expected from the secondary structure and experimental data, residues Gl 
through A8 and U15 through C22 form regular Watson-Crick base pairs in an A-type 
helix. The 3'-terminal residue A23 stacks on C22 and stabilizes the first base pair of the 
stem, as confirmed by the observed sharp imino proton resonance of Gl, At the other 
side of the molecule, residue G9 stacks firmly on A8 (see Figure 5,6), but it is slightly 
twisted towards the major groove, as a result of which it covers most of the underlying 
base moiety of A8 , The stacking pattern is continued by G10, which is somewhat more 
flexible based on the local rmsd for this residue.
The more or less helical course of the nucleotide chain is interrupted around G il, 
Despite its considerable amount of motional freedom, this residue has a x-angle in the
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Figure 5.5  Final ensemble of 10 lowest energy structures obtained by superimposing loop 
residues G9, G10, U12, CIS and A I 4 . Only the loop region and the closing base pair are 
shown.
Table 5.1 Structural statistics of the final ensemble of 10 structures.
all loop*
Distance restraints
Intranucleotide 159 65
Internucleotide 192 51
Rrns doviations(A.°)
Distance rostraints(351) 0.077±0.001 0.063±0.001
Dihedral rostraints(143) 1.329±0.067 1.149±0.225
Rrns deviation from idealized geometry
Bonds(A) 0.0124±0.0006 0.0115±0.0003
Angles(°) 2.055±0.119 1.837±0.045
Impropers(°) 0.836±0.011 0.23Ü 0.057
Restraint violations
Number of distance violations^>0.3Á 8±1 2±1
Number of dihedral violations*>3° 9±1 2±1
Atomic rrns deviations(A)s 1.65±0.52 0.97±0.19
* Residuos 9 through 14. t None larger than 0.4A. * None larger than 5°. s W ith respect to the average 
structure.
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Figure 5.6  Detail of the structure closest to the average of the final ensemble. Hydrogen 
bonds are indicated by dashed lines. The amino group of the flexible nucleotide G i l  comes 
within hydrogen bonding distance to its 5' phosphate oxygens in part of the ensemble (depicted 
as a curved dashed line).
unusual syn-domain, facilitated by a sugar pucker which is largely of the S-type and a 
hydrogen bond from its 04'-atom to the 2'-hydroxyl of G10 (based on distances according 
to Saenger (1984) in the average structure of the calculated ensemble). In addition, it 
is suggested by the ensemble of structures that the amino protons of G il lie partially 
within hydrogen bonding distance to the 5' phosphate oxygens, which may compensate 
for the reduced stacking energy of this residue. Interestingly, largely similar orientations 
have been observed earlier in a circular RXA trinucleotide (Mooren e.t al., 1994), and 
more recently in the six-membered loop of the iron responsive element (IRE; Addess et 
al,, 1997), Thus, they may represent a preferred conformation for guanosines involved in 
redirecting the backbone in RXA loops.
Following the near inversion of the chain direction around G il, residues U12 and 
C13 stack partially and hover over A14, which is the central residue of the loop. This 
adenosine is tilted to an angle of about 100° with respect to the bases of G9 and G10, 
Since these are somewhat turned away, the adenosine base faces their minor groove 
sides and participates in two hydrogen bonds: from the G9 amino group to the X3 of 
the adenosine, and from A14 amino to the 04' of the sugar of G10 (though we cannot 
exclude the possibility of a hydrogen bond to the 0 2 ; of G10), The strain induced by
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this irregular orientation of A14 is also apparent from its sugar pucker, which is largely 
of the S-type,
The unusual orientation of A14 is supported by several observations. First, there is 
the large amount of sequential and long-range distance restraints from A14 to residues 
A8 , G9, G10, C13 and U15, which to a large extent determine the high convergence 
rate that was obtained in the structure calculations, and the relatively low local rmsd. 
Moreover, this set of 24 inter-residue NOEs is internally fully consistent and there is no 
evidence of significant local mobility for any of these nucleotides. Finally, the observed 
resonance for the G9 amino protons and their NOEs strongly suggest that these protons, 
which generally have severely broadened resonances, are involved in hydrogen bonding.
Discussion
As is visible in Figure 5,6, the stability in the loop is brought about through base-base 
stacking interactions (between A8 , G9 and G10 and to a lesser extent between U12 
and C l3) and hydrogen bonding interactions in which four out of six loop residues are 
participating. The G il amino to phosphate interaction supplements the hydrogen bond 
between the 2'-OH group of G10 and the 04'-atom of G il in an energetical foundation 
for the turn in the ENA backbone. This is principally analogous to the 2'-OH hydrogen 
bonds which enforce a reversed 7r-turn in the central hairpin of the HDV ribozyme (Kolk 
et a l ,  1997), and it emphasizes the important role of the 2'-hydroxyl groups in ENA 
structure.
One might wonder why planar base pairs are not formed in this loop. As was 
mentioned in the Introduction, the formation of a G9-A14 base pair would seem probable 
on the basis of the loop sequence, or one could envision C13 base pairing to one of its 
opposing G residues. Part of the explanation for the absence of such interactions follows 
from the evident stability of the present structure, which is governed by hydrogen bonds 
inconsistent with the suggested planar base pairs. Furthermore, the formation of a 
possible GA base pair is restrained on account of geometrical considerations, by which 
such base pairing is less favorable if a purine residue is preceding the guanosine (Serra 
et a l ,  1993; Hilbers et a l ,  1994), Alternatively, base pairing of C13 to either G10 or G il 
would presumably lead to considerable strain around U12, while it is expected that the 
requirement for the purine base of A14 bulging out of the loop in the case of a G9-C13 
base pair would unfavorably affect the stability of that configuration.
Sim ilarities to  the pseudoknot structure
The experimental data indicate a strong resemblance between the structure of the 3'-
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hairpin and that of the corresponding region in the pseudoknot. First, most of the 
cross-strand XOEs from the H2 proton of A14 are also found in the pseudoknot. In 
particular, those that connect the H2 to HI' and H2' of G9, which inherently deny the 
presence of a GA base pair at this position, are observed for both molecules. Secondly, a 
sugar pucker which is predominantly of the S-type was found for the adenosine in both 
cases. Finally, the aromatic proton chemical shifts, which are the most sensitive towards 
the relative orientation of the base moieties (Wijmenga e.t al., 1997), compare very well 
for the region around the central adenosine. Most convincingly, the H8/H6/H2 chemical 
shifts of residues G9, C13 and A14, which are all clearly shifted from the A-helical realm, 
deviate by less than 0,2 ppm from the corresponding values in the pseudoknot.
These obvious similarities in experimental findings are also transparent in the struc­
tures, Figure 5,7 shows that most residues in the loop superimpose rather well with 
those in the pseudoknot, G il being the only exception, since this guanosine is evidently 
not in a \ - s y n  conformation when present in the stem 1 region of the pseudoknot. Inter­
estingly, the deviating orientation of G il in the hairpin relieves some of the strain that 
is present in loop 2 of the pseudoknot, where the sugar pucker of the adjacent uridine 
is predominantly of the S-type, as opposed to the equilibrium of X- and S-type sugar 
puckers observed for U12 in the hairpin.
C13
C34 
A35
Figure 5 . 7  Superposition o f the -hairpin loop (colored in  a lighter shade) with the corre­
sponding region o f the pseudoknot (dark shade). R esidue num bering in  the two molecules is 
colored correspondingly.
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The relative flexibility of C13 in the 3'-hairpin as well as in the pseudoknot makes it 
difficult to interpret the importance of the dissimilarity in their orientations between the 
two average structures. In the pseudoknot, this cvtidine partly stacks on the adenosine, 
allowing its amino protons to come within hydrogen bonding distance to the 2'-OH of 
G31 (which is the counterpart of G10 in the hairpin molecule). In the hairpin such an 
orientation may be obstructed by the base moiety of A14, which is in a slightly different 
orientation as compared to A35 in the pseudoknot.
The analogy between the two structures is most manifest for the G9-G10-A14 triad. 
At the central domain of the pseudoknot, the adenosine is harbored in the minor groove 
of stem 1 through an overtwisting around G30, Likewise, G9 is twisted towards the major 
groove of the hairpin loop, which sets A14 in an orientation very similar to that of A35 
in the pseudoknot, despite the absence of a third strand. Although the central adenosine 
is not exactly in the same position in the two structures, which results in different 
hydrogen bonds to this residue, it is in both cases involved in tertiary interactions at the 
minor groove side of two guanosines, and a smooth interconversion between these two 
situations is expected to be feasible.
Predeterm ination for pseudoknot form ation
The strong structural resemblance of the loop of the 3'-hairpin to the central region of the 
pseudoknot indicates that it is preformed and prone to combine with the -Ci8Ci9C2o- 
strand to produce stem 1 of the pseudoknot. This models differs markedly from the 
’induced-fit’ interactions which appear to govern ENA-protein binding (Allain et a l ,  
1996; Battiste et a l ,  1996; Peterson & Feigon, 1996; Aboul-ela et a l ,  1996), The 
reason for this variation is unclear, and it remains to be established whether there is any 
systematic distinction between the two mechanisms.
The high structural integrity as well as the observed preformation in the loop make 
the 3'-hairpin a very plausible intermediate structure in the mechanism of pseudoknot 
folding. Thus, the formation of the T- and acceptor arm of the TYMV tENA-like 
structure is expected to proceed as follows (Figure 5,8): first, the ENA folds into a 
structure containing two adjacent hairpins (the T-arm and the 3'-hairpin, which contains 
stem 2 of the pseudoknot), separated by the triple C sequence and the future pseudoknot 
loop 1, The former are the two elements of secondary structure most likely to be formed 
first since they both contain a stable loop and a stem of five base pairs, and because 
hairpin structures are generally formed almost instantaneously in the kinetics of ENA 
folding. Subsequently, the 5'-half of the structure folds over the major groove of the stem 
of the 3'-hairpin to yield, after some minor rearrangement, the pseudoknot’s second stem 
which, as has been mentioned above, is facilitated by the preformed structure of the 3'-
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T-arm 3’ hairpin
I
Loop 2
Stem 2 Stem 1 T-arm
Figure 5.8  M odel o f the folding m echanism  fo r  the pseudoknot and T -arm  o f T Y M V  R N A .  
The T -arm  and &-hairpin are believed to be fo rm ed  f ir s t (top, see text), a fter which the triple 
C -strand interacts with the preform ed -hairpin loop (bottom ). In  the complete tR N A -like  
structure, the anticodon arm  is located at the 5 '-side o f the sequence (indicated by a dashed 
line).
hairpin. Simultaneously, this part of the pseudoknot is stabilized by the stacking of the 
T-hairpin on the newly formed second pseudoknot stem. Hence, it appears that the role 
of the T-arm in the overall structure is twofold: it is a prerequisite for the stability of the 
pseudoknot domain (Kolk e.t al., 1998a) and an additional driving force in the formation 
thereof.
Im plications for higher order folding in R N A
Obviously, the information for loop structures in RXA is embedded in the sequence. 
The results obtained in this study indicate that the loop sequence dictates more than 
just base pair formation and folding according to one of the major families of loop 
structures, such as the GXRA and UXCG tetraloop motifs. Apparently, the formation 
of base pairs or other ’conventional’ folding motifs that would seem to be favored by the 
sequential setting can be ’overruled’ by structural alternatives whose gain in free energy 
is more favorable. Hence, solving the ’structural code’ of RXA to come to reliable 
structure predictions based on sequence will require a comprehensive knowledge of all 
these different conformational possibilities.
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M aterials and m ethods 
Sample preparation
The 23-mer ENA was prepared through in vitro transcription using T7 ENA polymerase 
(Milligan et a l ,  1987) with linearized plasmid as a template (Van Belkum et a l ,  1989), 
The product was purified using chromatography on Q-sepharose and preparative poly­
acrylamide gel electrophoresis. The purified ENA was then dialvzed in the NME buffer 
(20 mM sodium phosphate at pH 6 ,8 , 0,1 mM EDTA) and subsequently concentrated 
to 500 fA using a Centricon microconcentrator to a final sample concentration of about 
3,5 mM, No Mg2 was added to the sample, since this was shown to result in aggregation 
of the ENA.
N M R  m ethods
All spectra were recorded on Bruker AM 400 and AMX 600 spectrometers, at 2 °C for 
samples in H20 , and at 22 °C for those in D20 , Exchangeable protons were assigned from 
2D NOESY (Jeener et a l ,  1979) experiments which were executed using a jump return 
sequence (Plateau & Guéron, 1982) for water suppression. Other protons were assigned 
from 2D NOESY spectra in D20  employing mixing times of 80, 160 and 240 ms, and from 
DQF-COSY (Shaka & Freeman, 1983) and TOCSY (Griesinger et a l ,  1988) experiments. 
Most C8/C6/C2 and C l' resonances could be assigned from a natural abundance 13C-1H 
HMQC experiment (Bax et a l ,  1983), confirming the matching proton assignments.
Structural restraints
Distances relating to imino protons were conservatively estimated from a jr-NOESY 
spectrum with a mixing time of 200 ms. Other interproton distances were derived 
predominantly from 2D NOESY spectra at 80 ms. Care was taken to diminish the 
effects of spin-diffusion, in particular for the loop region, NOE cross-peak intensities 
involving non-exchangeable protons were converted into distance restraints using the 
relaxation matrix approach of the program N02DI (Van de Ven et a l ,  1991), and the 
resulting distances were given ±20% error bounds. Weak NOEs from experiments at 
higher mixing times were assigned upper bounds of 6 A, Scalar couplings between HI' 
and H2' were determined from a DQF-COSY experiment, and were converted to N­
or S-type sugar puckers (using dihedral restraints) in case of small (<3 Hz) or high 
(>8  Hz) values, respectively. The Hl'/H2'/H3' to H6/H 8 NOE intensities are indicative 
of a x-angle in the anti range for all residues except for G il, which has an HI' to H8 
NOE which is stronger than the average H5-H6 NOE cross-peak intensity, and a rather 
weak NOE from H2' to H8 , indicating a conformation in the syn-range. This latter
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conformation was not restrained, however, since G il appeared to be a rather flexible 
residue.
Residues 1 through 10 and 15 through 23 clearly adopt an A-helical conformation, 
evidenced by chemical shifts, sugar puckers and NOE connectivities. These residues were 
therefore assigned glveosidie and backbone torsion angles in accordance with canonical 
A-tvpe ENA with error bounds of 15° for stem residues, and 30° for G9 and G10, 
Hydrogen bonding and planarity restraints were imposed for all residues involved in 
Watson-Crick base pairing, as evidenced by the imino proton spectra and all observed 
NOEs and chemical shifts. No standard restraints were imposed for any of the backbone 
torsion angles between the sugar of G10 and that of U15, to ensure an unbiased course 
of the polynucleotide chain. For this domain, the angle e was set to 225—(¡0 . in order 
to exclude the stereoehemieallv forbidden gauche+ region, and the angles a  and £ were 
restricted to 0±120°, since all related 31P chemical shifts are found to have A-helical 
values from a 31P-1H HETCOE experiment (Sklenar et a l ,  1986),
Structure calculation
A set of 100 structures was calculated using the torsion angle dynamics (TAD) protocol 
(Stein et al., 1997) in X-PLOE (Brünger, 1992), The TAD cooling step in this protocol 
was increased to 90 ps so as to obtain a higher convergence rate, 33% of the obtained 
pool of structures had no distance and dihedral restraint violations larger than 0,5 A 
and 5°, respectively. Ten structures of this ensemble best fitting the experimental data 
were selected for presentation, and their statistics are listed in Table 5,1, Coordinates of 
the ensemble have been submitted to the Protein Data Bank under accession code 3php,
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Table 5.2 Proton chemical shifts of the S'-hairpin relative to TSP.
H8/H6 H2/H5 H I' H2' H3' H4' im /am
G l 8.20 n.a.“ 5.95 4.93 4.71 4.58 12.18
G2 7.42 n.a. 5.83 4.54 4.18 4.55 13.24
U3 7.79 5.13 5.60 4.53 4.48 4.11 14.41
U4 8.0 5.62 5.67 4.53 4.49 4.45 13.89
C5 7.84 5.67 5.51 4.31 4.45 4.10 8.41/7.00
C6 7.70 5.46 5.41 4.50 4.40 4.37 8.29/6.74
G7 7.51 n.a. 5.65 4.60 4.47 4.46 11.89
A8 7.60 7.64 5.90 4.63 4.55 4.48
G9 7.09 n.a. 5.23 4.41 4.38 4.36 11.15/6.64
G10 7.38 n.a. 5.22 4.38 4.50 4.12 10.596
G il 7.76 n.a. 5.65 4.83 4.66 4.38
U12 7.78 5.80 5.92 4.38 4.61
C13 7.76 5.99 5.92 4.41 4.61
A14 8.40 8.33 6.17 4.85 4.80 4.67
U15 7.96 5.81 5.35 4.51 4.05 4.44 14.15
C16 7.86 5.70 5.61 4.56 4.44 4.46 8.25/6.85
G17 7.51 n.a. 5.67 4.61 4.53 12.16
G18 7.17 n.a. 5.67 4.56 4.51 4.47 12.39
A19 7.68 7.10 5.88 4.56 4.66 4.50
A20 7.82 7.80 5.92 4.46 4.59 4.41
C21 7.47 5.16 5.39 4.22 4.34 4.36 8.40/7.00
C22 7.60 5.40 5.49 4.41 4.38 4.47 8.21/6.92
A23 8.03 7.36 5.98 4.05 4.30 4.25
“ Not applicable 
b Tentative assignment.
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Summary
As was pointed out in chapter 1, insight into the principles of higher order ENA folding 
has long been lacking because of the paucity of structural da ta  available. Owing to 
the current influx of ENA structures derived from NME and X-ray crystallography, the 
knowledge of ENA structure now seems to have reached a critical mass, and general p a t­
terns are gradually emerging. Although the picture is thus evidently becoming sharper, 
many unexpected and novel folding motifs are published each year, indicating tha t we 
are still far away from a full understanding of ENA structure.
The work presented in this thesis successfully aimed at gaining detailed structural 
information on two ENA systems which both have received considerable attention from 
biochemists and structural biologists. In chapter 2 the solution structure is described 
of the central hairpin of the self-cleaving element in HDV antigenomic ENA, This sub­
domain of the ribozyme contains a loop th a t is made up by six pyrimidines and one 
purine, all of which are essential for cleavage activity. At the early onset of the NME 
studies on this system, structural information on the ribozyme beyond th a t of its sec­
ondary folding was absent, but models have been proposed in the years thereafter based 
on biochemical data. Useful as such models may be, they do not provide any information 
on the local structural properties of the molecule. It was therefore particularly revealing 
to see th a t despite the unusually high content of pyrimidines, the SLIII (central) hairpin 
loop adopts a well-structured conformation by continued stacking of its bases from the 
5'-side, This pattern  is interrupted by a sudden turn  in the nucleotide chain, which we 
have characterized as a reversed U-turn, after which the loop adopts a more dynamical 
structure. The result of this unprecedented loop structure is th a t the bases are pointed 
outwards and are accessible to solvent, which fully agrees with biochemical da ta  on 
the complete ribozyme. Hence, the central loop appears to be preformed and ready to 
interact with distal parts of the ribozyme.
The next three chapters all deal with the structural properties of the aminoaeyl 
acceptor domain of the tENA-like structure in TYMV, Chapter 3 describes the three­
dimensional structure of the entire pseudoknotted T-loop/acceptor arm. This rod-shaped 
molecule consists of three stem regions th a t are coaxially stacked: the T-arm and stems
1 and 2 of the pseudoknot. The NME da ta  indicate th a t the molecule does not behave 
as a solid object in solution, but th a t there is significant flexibility between the helical 
sub-domains. The loop of the 5'-hairpin has a similar structure as the corresponding T- 
loop in tENA, The ways by which the pseudoknot loops span their respective grooves of
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the helical realm are distinctly different: continued base stacking at the 3'-side of loop 1 
(over the major groove) on stem 2 reduces the actual size of this loop to two nucleotides. 
No base pairing is observed to the two stacking nucleotides of loop 1, indicating tha t 
stacking energy is the prime contributor to the stability of this region. Loop 2, on 
the other hand, interacts closely with its opposing helix through an unprecedented 
conformation around the central adenosine. The base moiety of this residue is pointing 
towards the minor groove of stem 1 , and is involved in two hydrogen bonds with the 
helix. Aided by a putative hydrogen bond of the preceding cvtidine to the helix, this 
local conformation around the adenosine forms the key structural element of the central 
domain of the pseudoknot.
C hapter 4 reports on the strategies th a t were pursued in assigning the I In pseudoknot 
and in the collection of torsion angle restraints. Although standard methods sufficed for 
resonance identification of some parts of the system, problems of line broadening and 
spectral complexity in the pseudoknotted regions demanded the use of tailor-made ex­
periments for a full assignment of the sugar spin systems. In particular, constant-tim e 
evoluted HCCH correlation experiments were found to produce a good compromise 
between sensitivity and 13C-resolution, In addition, this chapter describes the new ap­
proaches th a t were used to evaluate the backbone torsion angles ß, 7  and e. Resonance 
overlap and line broadening prevent the use of conventional methods to determine these 
angles, which are therefore often left unconstrained for larger RNA molecules. Here, we 
have utilized spin-echo difference methods to derive ß  and e. In these experiments, the 
pulse sequences were extended by an extra transfer step so th a t crosspeak intensities can 
be measured from the well-dispersed H I' resonances. Also, the angle 7  could be qualita­
tively determined monitoring the H 5'/H 5"—^ H4' transfer efficiency in 13C-edited TOCSY 
experiments. The collection of torsion angle restraints following these approaches im­
proved the quality of the structure and produced direct experimental support for some 
distinct structural features, such as the atypical conformation around the nucleotide tha t 
bridges the m ajor groove of the pseudoknot.
The last chapter presents the structure of the isolated 3'-hairpin which is present in the 
pseudoknotted domain described in chapter 3, In spite of the absence of a third strand 
and the theoretical possibility of forming GA and /o r GC base pairs, the six-membered 
hairpin loop adopts a structure th a t is remarkably similar to the corresponding region 
in the pseudoknot. This observation implies th a t the 3-' hairpin is preformed for folding 
into a pseudoknotted structure, reminiscent of the preformation th a t was proposed in 
chapter 2 for the central hairpin of the HDV ribozyme.
In conclusion, the work presented in this thesis clearly illustrates the enormous ver­
satility in RNA structure, which allows the RNA to engage in a wide range of cellular
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processes. Having said tha t, it is also evident tha t there are several common features 
as well. First, it appears th a t base-base stacking interactions are a more general phe­
nomenon than would follow from local thermodynamical considerations alone. This is 
exemplified by the unexpected stacking of pyrimidine bases in the HDV central hairpin 
and the continued stacking of loop 1 residues in the TYMV pseudoknot on the following 
stem 2 nucleotides. This stacking behavior is not fully understood, but it appears to 
be greatly influenced by local topological constraints. Furthermore, hydrogen bonds 
involving 2'-hydroxvl groups presumably have an im portant role in the stabilization of 
this kind of arrangements, but due to the rapid exchange of 2'-OH protons with solvent, 
this is difficult to study in detail by NME,
Secondly, conformational exchange on a millisecond time scale emerges as a common 
property in RNA, These internal mobilities in RNA may involve whole sub-domains, 
as is the case for the pseudoknot stems described in chapter 3, but can also occur very 
locally, sometimes involving only one or two nucleotides in an otherwise rigid setting 
(see, for instance, the structure of the HDV central loop in chapter 2), Both types of 
flexibility may be im portant qualities of RNAs interacting with proteins or other RNA 
molecules.
Finally, the structural da ta  presented in this thesis indicate th a t RNA can adopt 
specific conformations on a very local scale, such as the sudden inversion of the chain 
in many hairpin loops and the particular orientation of the central adenosine described 
in chapter 3, The structural information for these are, obviously, embedded in the 
sequence. Thus it is becoming increasingly clear th a t RNA, besides serving as a carrier 
of the genetic code, also carries a structural code dictating its interactions with proteins 
or other RNA molecules. More than three decades after the deciphering of the genetic 
code in the 1960s this structural code still remains largely obscure, and its elucidation 
forms one of the m ajor challenges in present-day structural biology.
Sam envatting
Zoals staat uitgelegd in hoofdstuk 1, heeft het lange tijd ontbroken aan een gedegen 
inzieht in de hogere orde vouwingsprincipes in RNA vanwege het geringe aantal beschik­
bare structuren. Dankzij de huidige toevloed aan RNA structuren verkregen met NMR 
en Röntgen diffractie lijkt het er nu op dat onze kennis over RNA structuur een kritis­
che massa heeft bereikt, en worden er langzaam algemene patronen zichtbaar. Hoewel 
ons beeld dus zonder twijfel helderder aan het worden is, worden er jaarlijks nog vele 
onverwachte en nieuwe vouwingsmotieven gepubliceerd, waaruit blijkt dat we RNA struc­
tuur nog lang niet volledig begrijpen.
Het onderzoek dat in deze dissertatie wordt beschreven richtte zich met succes op het 
verkrijgen van gedetailleerde informatie over de structuur van twee RNA systemen die 
beide altijd sterk in de belangstelling hebben gestaan van onderzoekers in de biochemie 
en structurele biologie, In hoofdstuk 2 wordt de oplossingsstructuur beschreven van 
de centrale haarspeld in een stuk van het zelf-knippende gedeelte in het antigenomisch 
RNA van HDV, Dit subdomein van het ribozvm bevat een lus van zes pyrimidines en 
één purine, die alle essentiëel zijn voor de katalytische activiteit. Helemaal aan het 
begin van het onderzoek naar dit systeem was er, afgezien van de secondaire vouwing, 
geen informatie over de structuur van het ribozvm, m aar in de jaren daarna zijn er 
wel modellen voorgesteld die gebaseerd waren op biochemische data, Hoe nuttig zulke 
modellen ook mogen zijn, ze verschaffen ons geen gedetailleerde informatie over de 
structurele eigenschappen van het molecuul. Het was daarom bijzonder verhelderend om 
te zien dat de centrale haarspeld-lus (SLIII), ondanks diens ongewoon hoge gehalte aan 
pyrimidines, een goed gestructureerde conformatie aanneemt middels een voortzetting 
van de basenstapeling aan de 5' zijde. Dit patroon wordt onderbroken door een abrupt 
keerpunt in de nucleotide keten, die we hebben gekarakteriseerd als een omgekeerde 
U-turn, waarna de lus een meer dynamische structuur aanneemt. Het gevolg van deze 
nieuwe lus-structuur is dat de basen naar buiten wijzen en toegankelijk zijn voor het 
oplosmiddel, hetgeen volledig overeenkomt met de biochemische da ta  van het complete 
ribozvm, De centrale lus lijkt dus voorgevormd te zijn en gereed om interacties aan te 
gaan met verder gelegen delen van het ribozvm,
De drie daaropvolgende hoofdstukken gaan alle over de structurele eigenschappen van 
het aminoaeyl-aeeeptor domein van de tRNA-aehtige structuur van TYMV, Hoofdstuk 3 
beschrijft de drie-dimensionale structuur van de gehele gepseudoknoopte T-lus/acceptor 
arm. Dit staafvormige molecuul bestaat uit drie stam-gedeeltes die coaxiaal gestapeld
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zijn: de T-arm en stam  1 en 2 van de pseudoknoop, De NME data  geven aan dat 
het molecuul zich in oplossing niet als een hard object gedraagt, m aar ju ist behoorlijke 
beweeglijkheid vertoont tussen de verschillende helices, De structuur van de lus in de 
5'-haarspeld ziet er hetzelfde uit als die in de corresponderende T-lus in tRNA, De 
wijzen waarop de pseudoknoop-lussen hun respectieve groeven in de helix overbruggen 
zijn duidelijk verschillend: een voortzetting van de basenstapeling aan de 3'-zijde van 
lus 1 (over de major groove) op stam  2 brengt de werkelijke lengte van deze lus terug 
to t twee nucleotiden, We zien geen basenparing met de twee gestapelde nucleotiden 
van de lus, wat aangeeft dat stapelingsenergie de voornaamste bijdrage levert aan de 
stabiliteit van dit gedeelte, Lus 2 daarentegen heeft een sterke wisselwerking met de 
tegenoverliggende helix door middel van een niet eerder beschreven conformatie rond de 
centrale adenosine, De base van dit residu wijst richting de m inor groove van stam  1, en 
is betrokken bij twee waterstofbruggen naar de helix. Bijgestaan door een vermoedelijke 
waterstofbrug van de voorafgaande cvtidine naar de helix vormt deze lokale conformatie 
rond de adenosine het voornaamste structuurelem ent van het centrale domein van de 
pseudoknoop.
Hoofdstuk 4 gaat over de strategieën die zijn benut voor het toekennen van de
11 n pseudoknoop, en bij het verzamelen van torsiehoek-restraints. Hoewel standaard 
methoden toereikend waren voor de toekenning van sommige stukken van het sys­
teem, vereisten de problemen met lijnverbreding en de complexiteit van de spectra 
in de pseudoknoop-gebieden bijzondere aanpassingen om te komen to t een volledige 
toekenning van de spinsvstemen van de suikers. Vooral de constant-time geëvolueerde 
HCCH correlatie experimenten bleken een ju ist compromis op te leveren tussen ge­
voeligheid en 13C-resolutie, D aarnaast worden in dit hoofdstuk de nieuwe toepassingen 
beschreven die zijn gebruikt om de waardes te bepalen van de backbone torsiehoeken ß, 
7  en e. Overlap en verbreding van resonanties verhinderen het gebruik van conventionele 
methoden om deze hoeken te bepalen, die als gevolg daarvan vaak onbepaald blijven in 
grotere RNA systemen, In dit geval hebben we gebruik gemaakt van spin-echo difference 
methoden om ß  en e te bepalen, In deze experimenten zijn de pulssequenties uitgebreid 
met een extra overdraehtsstap, zodat de intensiteiten van de kruispieken kunnen worden 
gemeten bij de goed gespreide H l' resonanties. Daarnaast kon de 7 -hoek kwalitatief 
bepaald worden door de H 5'/H 5"—^ H4' overdracht te meten in 13C-gelabelde TOCSY 
experimenten. Het vergaren van torsiehoek-restraints met gebruikmaking van deze be­
naderingen verbeterde de kwaliteit van de structuur en leverde directe experimentele 
ondersteuning voor bepaalde specifieke structuur-kenmerken, zoals de afwijkende confor­
matie rond het nucleotide dat de major groove van de pseudoknoop overbrugt.
Het laatste hoofdstuk presenteert de structuur van de geïsoleerde 3'-haarspeld die 
aanwezig is in het pseudoknoopdomein dat in hoofdstuk 3 beschreven is. Ondanks de
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afwezigheid van een derde streng en de theoretische mogelijkheid to t vorming van GA- 
en/of GC-basesparen, neemt deze lus met zes residuen een structuur aan die opmerkelijk 
veel lijkt op het corresponderende gebied in de pseudoknoop. Deze observatie betekent 
dat de 3'-haarspeld voorgevormd is voor de vouwing van een gepseudoknoopte structuur. 
Dit doet sterk denken aan de preformatie die is voorgesteld in hoofdstuk 2 voor de cen­
trale haarspeld van het HDV ribozvm.
Tot besluit: het onderzoek dat in deze dissertatie wordt gepresenteerd illustreert de 
enorme veelzijdigheid van RNA structuren, waardoor het RNA in staat is om deel te 
nemen aan een groot scala aan cellulaire processen. Dit gezegd zijnde is het ook duidelijk 
dat er daarnaast verschillende gemeenschappelijke kenmerken zijn. Op de eerste plaats 
lijkt het erop dat base-base stapelingsinteracties een meer algemeen fenomeen zijn dan 
op grond van uitsluitend lokale thermodynamische overwegingen zou worden verwacht. 
Een voorbeeld hiervan is de onvoorziene stapeling van pyrimidine basen in de centrale 
haarspeld van HDV, en de voortgezette stapeling van basen in lus 1 in de TYMV 
pseudoknoop op nucleotiden van stam  2 die daarop volgt. Dit stapelingsgedrag wordt 
nog niet volledig begrepen, m aar het lijkt sterk beïnvloed te worden door de topolo­
gische beperkingen ter plekke. Bovendien vervullen waterstofbruggen vanaf 2'-hydroxvl 
groepen waarschijnlijk een belangrijke rol bij het stabiliseren van dit soort ordeningen, 
m aar vanwege de snelle uitwisseling van 2'-OH protonen met het oplosmiddel is dit lastig 
in detail te bestuderen met NMR,
Op de tweede plaats komt conformationele uitwisseling op een milliseconde tijdschaal 
naar voren als een algemene eigenschap in RNA, Bij dit soort interne mobiliteit zijn 
soms hele subdomeinen betrokken, zoals bij de stam-gedeeltes in de pseudoknoop uit 
hoofdstuk 3, m aar soms ook treedt het op zeer lokale schaal op, met niet meer dan één 
of twee flexibele residuen in een overigens rigide omgeving (zie bijvoorbeeld de structuur 
van de HDV centrale lus uit hoofdstuk 2), Beide typen beweeglijkheid zouden wel eens 
belangrijke eigenschappen kunnen zijn van RNA dat interacties aangaat met eiwitten of 
andere RNA moleculen.
Tenslotte wijzen de gepresenteerde structurele da ta  in dit proefschrift erop dat RNA 
in staat is om specifieke conformaties aan te nemen op een zeer lokaal niveau, zoals bij de 
plotselinge omkering van de keten in veel haarspeld-lussen en bij de bijzondere oriëntatie 
van de centrale adenosine beschreven in hoofdstuk 3, De structurele informatie hiervoor 
ligt vanzelfsprekend besloten in de sequentie. Het wordt derhalve steeds duidelijker 
dat RNA, naast diens functie als drager van de genetische code, ook drager is van een 
structurele code die de interacties bepaalt met eiwitten en andere RNA moleculen. Ruim 
drie decennia na het ontcijferen van de genetische code in de jaren  ’60 is deze structurele
Sam envatting 105
code nog steeds grotendeels in duisternis gehuld, en de opheldering ervan vormt een van 
de grootste uitdagingen van de hedendaagse structurele biologie.
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DNA dankt zijn bekendheid bij het grote publiek aan de cruciale rol die het speelt bij het 
vastleggen van ’erfelijke eigenschappen’ en het doorgeven daarvan aan het nageslacht. 
Onder erfelijke eigenschappen wordt dan verstaan datgene wat bepaalt of iemand blauwe 
of bruine ogen heeft, en of ’ie aanleg heeft om whiz-kid te worden of Sumo-worstelaar, 
Hoe belangrijk al deze eigenschappen ook zijn, eigenlijk doen we het DNA daarmee 
te kort. Oogkleur en spiermassa zijn slechts het uiterlijke gevolg van een ongelofelijk 
ingewikkelde machinerie binnen in een organisme, waarbij duizenden verschillende stoffen 
betrokken zijn, De meeste van deze stoffen zijn eiwitten, waarvan het bouwplan ligt 
besloten in het DNA, Dit DNA fungeert daarmee als een soort bibliotheek, m aar indirect 
ook als regisseur van alle processen in een organisme,
DNA bestaat uit een zeer lange keten van aaneengeschakelde elementen (nucleotiden, 
soms aangeduid als basen), waarvan er vier soorten zijn: A, G, C en T, Vrijwel al het 
DNA komt voor in een vorm (structuur) die in 1953 is opgehelderd door James Watson 
en Francis Crick: de dubbele helix, De regels voor het vormen van zo’n dubbele helix, 
die bestaat uit twee strengen DNA die om elkaar heen zijn gewonden, zijn eenvoudig: 
A zit altijd tegenover T en G tegenover C, De volgorde van deze letters op een streng 
DNA vormt de genetische code voor de aanm aak van eiwitten,
RNA, het onderwerp van deze dissertatie, is evenals DNA een nucleïnezuur en lijkt 
chemisch en structureel ook sterk op DNA, m aar heeft een beduidend minder sterke ’PR  
naar buiten toe’. Hiervoor zijn twee oorzaken: op de eerste plaats is het RNA in hogere 
organismen zoals de mens niet de sleutel to t alle eigenschappen zoals DNA dat is. Op 
de tweede plaats was er lange tijd geen duidelijk beeld over de structuur van RNA en de 
enorme variëteit aan functies die het kan hebben. Bovendien was het niet goed mogelijk 
om het eerste (structuur) en het laatste (functie) met elkaar in verband te brengen (de 
structuur-functie relatie).
Aan deze situatie lijkt een einde te zijn gekomen. Inmiddels weten we dat RNA het 
erfelijk m ateriaal (het genoom) is van talloze virussen, dat het op vele niveaus een rol 
speelt bij processen in de cel, en ook dat het soms functies heeft die to t voordien uit­
sluitend voorbehouden leken te zijn aan eiwitten, namelijk het bezitten van katalytische 
activiteit. Zo zijn er RNA-moleeulen gevonden die in staat zijn zichzelf op één speci­
fieke plek te knippen. Zulke moleculen noemen we ribozvmen, en het achterhalen van 
het mechanisme waarop hun activiteit berust is wetenschappelijk bijzonder interessant, 
om dat een nucleïnezuur zo anders in elkaar zit dan een eiwit. Hoofdstuk 2 behandelt het
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onderzoek dat we hebben gedaan naar het centrale deel van een ribozvm dat voorkomt 
in het genoom van hepatitis delta virus (HDV), en het blijkt dat dit onderdeel belangrijk 
is als een soort fundament waarop andere delen van het ribozvm zich kunnen hechten. 
Een heel apart vouwingspatroon in RNA dat veelvuldig voorkomt bij virussen is 
de zogenaamde pseudoknoop. Een schematische weergave hiervan staat op de omslag 
van dit proefschrift. Het komt onder andere voor in een bepaalde vouwing aan het 
uiteinde van sommige virale RNA genomen die uiterlijk sterk lijkt op tRNA, een mole­
cuul dat betrokken is bij de eiwitsvnthese m aar op zichzelf niets te maken heeft met 
een virusgenoom. Toch worden zulke tRNA-aehtige structuren bij plantenvirussen vaak 
aangetroffen, en hun aanwezigheid is vereist voor de reproduktie van het virus, In 
hoofdstuk 3 wordt de structuur gepresenteerd van de pseudoknoop in de tRNA-aehtige 
structuur van TYMV, een virus dat altijd een modelsvsteem is geweest in het onderzoek 
naar pseudoknopen. Voor het eerst waren we in staat om een pseudoknoop in detail 
te bestuderen, en te beschrijven hoe de verschillende onderdelen van deze inmiddels 
klassiek geworden pseudoknoop zich gedragen. Het is onder meer gebleken dat het mole­
cuul beweeglijk is, en we kunnen aannemelijk maken dat dit een functioneel relevante 
eigenschap is van (veel) pseudoknopen,
De techniek die we hebben gebruikt voor ons onderzoek heet kernspin resonantie 
(Nuclear Magnetic Resonance, NMR), In een sterk magnetisch veld is het mogelijk om 
van de meeste atomen in het molecuul dat we bestuderen een signaal (resonantie) op te 
vangen en weer te geven in een soort grafiek (het spectrum), We kunnen bovendien de 
gedetecteerde onderlinge samenhang tussen de resonanties manipuleren door het monster 
te bestoken met een lange reeks radiogolven (de pulssequentie), De samenhang tussen 
de resonanties kunnen we dan later vertalen in een samenhang tussen atomen in het 
molecuul, zoals hun onderlinge afstanden en hoeken. Om dat we bovendien de chemische 
samenstelling en basenvolgorde kennen is het mogelijk om hieruit de structuur van het 
molecuul vast te stellen, net zoals het mogelijk is om een nieuwe ! K KA boekenkast te 
construeren uit de talloze onderdelen als je weet hoeveel schroefjes er in elke plank passen 
en wat de afstand tussen de planken moet worden.
Veel NMR-experimenten behoren inmiddels to t het standaard gereedschap dat een 
onderzoeker to t z’n beschikking staat. Grote problemen ontstaan er echter wanneer 
het onderzochte molecuul heel groot wordt (dan worden de spectra erg ingewikkeld), 
beweeglijk is (dan worden de plaatjes wazig) of wanneer het bestaat uit RNA, In het 
pseudoknoop-molecuul hadden we te maken met een combinatie van deze problemen, wat 
het identificeren van de resonanties en het verzamelen van gegevens erg lastig maakt, In 
hoofdstuk 4 wordt uitgelegd wat we hebben gedaan om deze moeilijkheden te omzeilen, 
en hoe het mogelijk is om ondanks alles toch hoeken op te meten in een ingewikkeld 
RNA-molecuul,
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Hoofdstuk 5 gaat over een onderdeel (een zogenaamde haarspeld) van de pseudo­
knoop uit hoofdstuk 3, Wanneer we dit segment apart bekijken zien we dat de structuur 
- tegen de verwachtingen in - sterk lijkt op die in de pseudoknoop. Dit betekent dat 
de haarspeld is voorgevormd om op te gaan in een groter geheel. Dit heeft grote con­
sequenties voor de stabiliteit van de pseudoknoop. Het leert ons bovendien iets over 
de vouwingsmeehanismen in RNA, namelijk dat de aanhechting (binding) tussen twee 
stukken RNA kan verlopen volgens een sleutel-slot principe, anders dan heel veel andere 
interacties tussen biomoleculen waarbij de verschillende onderdelen zich aanpassen aan 
de vorm van de ander.
Uit al deze resultaten blijkt dat het opstellen van regeltjes voor RNA structuur - zoals die 
er ook zijn voor de dubbele helix structuur in DNA - nog niet zo eenvoudig is. Weliswaar 
is basenparing ook in RNA erg belangrijk, m aar er zijn vaak ook andere mogelijkheden 
die als het ware met die van een normale helix in competitie zijn. Welke structuur het 
molecuul uiteindelijk aanneemt hangt af van hele subtiele regeltjes, die we nog lang niet 
allemaal kennen. Die subtiliteit m aakt het RNA interessant voor de onderzoeker, die 
telkens weer voor verrassingen wordt gesteld, m aar verklaart ook het brede scala aan 
functies die RNA heeft in de levende natuur.
Curriculum Vitae
Michaël Kolk werd geboren in Amsterdam op 9 september 1969, Hij behaalde zijn 
gymnasium-diploma aan het Stedelijk Gymnasium te Nijmegen in 1987, Hierna studeerde 
hij scheikunde aan de Universiteit van Amsterdam, Het doctoraal examen omvatte een 
onderzoeksstage op de afdeling biochemie in de groep van dr, S.P.J, Albracht, en werd 
in 1992 afgelegd,
In december 1992 trad  hij in dienst als Onderzoeker In Opleiding (OIO) bij de afdeling 
biofvsische chemie aan de Katholieke Universiteit Nijmegen, Onder begeleiding van 
prof, dr, C.W, Hilbers en dr, H.A. Heus werd daar het onderzoek verricht dat in dit 
proefschrift beschreven staat. Gedurende deze promotieperiode woonde hij een aantal 
internationale conferenties bij: Frontiers o f NM R in Molecular Biology IV, in Keystone, 
VS (1995), The X V IIth  International Conference on Magnetic Resonance in Biological 
Systems, eveneens in Keystone, VS (1996), RN A Structure, in Santa Cruz, VS (1997), 
en The X V IIIth  International Conference on Magnetic Resonance in Biological Systems, 
in Tokyo, Japan (1998),
110
